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Abstract: This article aims to estimate the reduction of potable water consumption and sewage generation
in the city of Joinville, southern Brazil. Four strategies were considered to promote potable water savings:
replacement of conventional toilets with dual-flush ones, greywater reuse, rainwater harvesting, and the
combination of these three strategies. Residential, public, and commercial sectors were assessed.
The potential for potable water savings ranged from 1.7% to 50.5%, and the potential for sewage
generation reduction ranged from 2.1% to 52.1%. The single-family residential sector was the most
representative for water savings and sewage generation reduction. The public sector would be the
least contributor to such reductions. It was found that in the city of Joinville, for low non-potable
water demands, greywater reuse was the most viable strategy to save water. When non-potable
demand is high and there is a large catchment area, it is recommended to install rainwater harvesting
systems. It was concluded that there is a high potential for potable water savings and reduction
of sewage generation if measures were adopted in Joinville, but it is necessary to evaluate which
strategy is the most appropriate for each building.
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1. Introduction

Access to drinking water is a basic need for human development [1]. However, population
increase and people concentration in certain regions, as well as changes in water consumption patterns,
affect the quantity of available water, and this may hinder potable water supply in many parts of the
world [2]. In addition, water supply systems must maintain the quality of water supplied to users.
Failure to meet the required standards for potable water quality endangers the safety of users and
reduces the reliability of public water supply systems [3].

In order to promote potable water savings in buildings, several studies about water-saving
plumbing fixtures, greywater reuse, and rainwater harvesting have been carried out [2,4–12]. In these
studies, the authors determined potable water savings in buildings due to the adoption of one or
more of these strategies. In a dwelling, water savings could be 28.9% by replacing conventional
plumbing fixtures with water-saving ones, 21.0% with greywater reuse, and 30.7% with rainwater
harvesting [2]. The combination of greywater reuse and rainwater harvesting systems could reduce
water consumption by up to 46.3% in a public school [6], 48% in a university campus [8], and 29%
in a university dormitory [11]. The use of water-saving plumbing fixtures combined with rainwater
harvesting systems reduced the water consumption by approximately 15% in residential buildings [12].
Savings could reach 78.9% in commercial buildings by combining the installation of water-saving
plumbing fixtures, greywater reuse, and rainwater harvesting [7]. Some studies, in addition to
assessing the potential for water savings, have also investigated the economic feasibility of installing
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these strategies [4,5,9,11], the sewage generation reduction [2,8] and the embodied energy [2,7] of
implementing them, and the effects of climate change on the water savings provided by them [10].

However, few studies have evaluated the implementation of these strategies for water savings at
larger scales. The adoption of these measures at larger scales can provide benefits beyond the building
itself. For example, rainwater harvesting systems, if used on a large scale, could contribute to reducing
the surface runoff [13] and floods in urban areas [14,15]. Also, water utilities would reduce their costs
related to water withdrawal, treatment, and distribution if there was a significant reduction of potable
water consumption in their operation area. Campisano et al. [16] researched the implementation of
rainwater harvesting systems at a large scale in Lipari, an island located in southern Italy. They studied
multi-family residential buildings and considered the use of rainwater for supplying non-potable water
demand. The authors verified that in 94% of these buildings in Lipari, rainwater harvesting systems
might reduce water consumption between 30% and 50%. Proença et al. [17] investigated potable
water savings in the city of Florianópolis, southern Brazil. They concluded that the simultaneous
adoption of water-saving plumbing fixtures, greywater reuse and rainwater harvesting in all residential,
commercial, and public buildings of the city, could allow for water savings up to 10,153,835 m3/year
(40.2% of total potable water consumption in the city).

In addition to water savings, the replacement of conventional plumbing-fixtures with water-saving
ones and the greywater reuse also contribute to decreasing sewage generation in buildings [2].
Regarding water-saving plumbing fixtures, the water consumption reduction in a plumbing-fixture
decreases the sewage generation. For greywater reuse, there is a decrease in sewage generation because
some effluents are reused before being sent to the sewage treatment plant. In the research conducted
by Proença et al. [17], the sewage generation reduction could reach 2,064,968 m3/year in Florianópolis
with the implementation of water-saving plumbing fixtures and greywater reuse systems (17.7% of
total sewage generation in the city).

In this context, this article aims to estimate the potential for reducing potable water consumption
and sewage generation in the city of Joinville, southern Brazil, the most populous city in Santa Catarina
state. Residential, public, and commercial sectors of the city were evaluated considering four strategies
for water savings (replacement of conventional toilets with dual-flush ones, greywater reuse, rainwater
harvesting, and the simultaneous adoption of these three strategies). Besides analysing different
strategies and comparing them with each other, several scenarios of water end-uses in buildings
were also considered. Therefore, a range of potable water savings was defined instead of an average
figure, and this makes the results closer to the real in case of adopting one of these strategies on a
city scale. The greater the reductions in water consumption and sewage generation, the lower the
utility’s expenses, so the results presented could be useful for the local utility to investigate the financial
savings related to the volume of water saved on a city scale. Therefore, this study could encourage
utilities to support the installation of strategies to reduce potable water consumption in buildings, as it
shows that the benefits can go beyond the building itself if these strategies are adopted on a large scale.
The method presented in this paper could be applied to other cities.

2. Methods

In order to reach the objective of this article, water end-use scenarios were determined for each
building sector. The potential for reducing potable water consumption and sewage generation was
determined for all end-use scenarios. The scenarios that provided the minimum and maximum water
savings in each building sector were identified, and for these cases, the corresponding potential for
reducing sewage was determined. Based on these potentials, the possible ranges of reduction of
potable water consumption and sewage generation were estimated.

2.1. Study Area

The city chosen for applying this study is Joinville, the most populous city in Santa Catarina
State, in Southern Brazil. Joinville is geographically located at 26◦18′05” S and 48◦50′38” W [18].
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The climate is classified as temperate rainy, moderately hot, humid in all seasons, with hot summers.
The average annual temperature is 22.4 ◦C ± 0.73 ◦C. Summer (December to February) is the hottest
season, followed by autumn, spring, and winter. The average annual precipitation is 1957 mm in
Joinville, and it rains 178 days a year on average. Summer is the season with the highest precipitation,
followed by spring, autumn, and winter [19]. Figure 1 shows the average monthly precipitation
and temperature in Joinville, according to data presented by [19]. Average monthly precipitation
was determined for a thirty-year period (1979 to 2008), and the average monthly temperature for a
sixteen-year period (1996 to 2011).
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2.2. Water End-Uses

Water end-uses depend on many factors, such as culture, climate, plumbing-fixtures efficiency,
number of occupants in the building, and standard of living of users [20,21]. Since there is no research
estimating water end-uses in buildings in Joinville, some scenarios were created for each building
sector, varying the end-uses classified as greywater sources and non-potable water demand. Lavatory
taps and showers were considered greywater sources. Toilets, urinals, and cleaning were classified as
non-potable demand. In single-family residential and public buildings, garden irrigation was also
adopted as a non-potable water demand. This is the only outdoor end-use considered in this study.

The definition of these scenarios was based on studies about water end-uses carried out in
Brazilian buildings. For the residential sector, the references considered were [4,5,22–25]. This sector
was subdivided into single-family and multi-family buildings. Regarding public buildings, the scenarios
were determined from the results presented by [6,26]. For commercial buildings, water end-uses were
determined based on the study performed by [20]. Table 1 presents the minimum and maximum values
of water end-use of greywater sources, non-potable water demand, and toilets found in these studies
(reference values) and the corresponding reference. The minimum and maximum values adopted were
close to those presented in the references. For determining the scenarios, the values adopted were
varied at intervals of 10% and combined among themselves. Cases in which the sum of greywater
sources and non-potable water demand resulted in values higher than 100% and that the use of toilets
was higher than non-potable water demand (since toilets were included in non-potable demand) were
excluded. It resulted in 76 water end-use scenarios for the single-family residential sector, 15 for the
multi-family residential, 92 for the public, and 29 for the commercial.
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Table 1. Minimum and maximum water end-uses of greywater sources, non-potable water demand
and toilets used for determining the water end-uses scenarios.

Type of Use Water End-Uses (%)

Single-Family
Residential

Multi-Family
Residential Public Commercial

Greywater
source

Minimum 15.0 [25] 26.7 [4] 3.1 [6] 6.8 [20]
Maximum 65.0 [25] 46.6 [4] 31.2 [26] 38.4 [20]

Non-potable
water demand

Minimum 9.0 [24] 25.7 [23] 26.1 [6] 55.9 [20]
Maximum 44.0 [25] 37.2 [4] 88.9 [26] 86.2 [20]

Toilets
Minimum 5.5 [22] 15.8 [23] 19.6 [6] 52.0 [20]
Maximum 44.0 [25] 35.1 [4] 78.8 [26] 84.6 [20]

2.3. Potential for Potable Water Savings

Four strategies for reducing potable water consumption in buildings were considered: replacement
of conventional toilets with dual-flush ones, greywater reuse for non-potable uses, rainwater
harvesting for non-potable uses, and the simultaneous adoption of toilets replacement, greywater
reuse, and rainwater harvesting. These strategies were assessed for each water end-use scenario.

2.3.1. Replacement of Toilets

It was considered the installation of dual-flush toilets with tank capacities of three and six litres.
It is not known how many toilets in Joinville already have dual-flush devices nor their tank capacities,
so different percentages of potable water savings due to this strategy were adopted. These percentages
were defined from other researches carried out in Brazilian buildings [2,7,23,27]. The minimum
reduction of water consumption in toilets due to this strategy was 16.6% [7], and the maximum was
74.3% [2]. The average water savings reported in these studies was 49.2%.

From this analysis, it was considered that replacing conventional toilets with dual-flush ones
with tank capacities of three and six litres would save 15%, 50%, or 75% on water consumption of
this plumbing fixture. These three savings were applied to the water used in toilets of each water
end-use scenario. The reduction of sewage generated would be equal to the percentage of potable
water consumption reduction in this fixture.

2.3.2. Greywater Reuse

The second strategy considered to reduce potable water consumption was the reuse for non-potable
purposes, after treatment, of effluents generated in greywater sources. The water savings due to this
strategy were estimated based on a comparison between greywater available for reuse and non-potable
water demand of each scenario. In scenarios where greywater available for reuse was higher than
non-potable water demand, the potential for water savings was equal to the non-potable demand.
When greywater availability was lower than non-potable demand, the potential for water savings was
equal to greywater available for reuse.

This strategy also contributes to reducing sewage generation because some effluents are reused
for non-potable purposes before being sent to the treatment plant. The potential for reducing sewage
generation due to greywater reuse is equal to the potential for potable water savings for this strategy.

2.3.3. Rainwater Harvesting

Rainwater was also considered as an alternative source to supply non-potable water demand.
The potential for water savings due to rainwater harvesting was determined using the Netuno computer
programme [28]. This software simulates a rainwater harvesting system using behavioural models,
i.e., the simulation is based on a set of known variables informed by the user, such as daily rainfall data,
catchment surface area, daily total water demand, rainwater demand, runoff coefficient, first flush,
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and upper and lower tank capacities. Simulations are performed on a daily basis. The simulation result
is the potential for potable water savings for a given lower tank capacity. The user can choose to inform
a set of lower tank capacities to be simulated, so Netuno could indicate the ideal tank capacity and
the corresponding potential for potable water savings [29]. The programme algorithm was validated
by [30].

Three catchment areas were defined for each sector: minimum, maximum, and the most common
in Joinville (most likely occurrence). Simulations were performed for these three values for each water
end-use scenario. In order to obtain these values, the catchment areas of all buildings in each building
sector were considered. The anomalous values (outliers) were excluded. A value was considered an
outlier if it was outside certain limits calculated from the interquartile range (IQR), that is, the difference
between the upper and lower quartile of data. The upper limit was the upper quartile of the data
plus 1.5 times the IQR; the lower limit was the lower quartile minus 1.5 times the IQR. If a value was
beyond these limits, it was considered an outlier and excluded from the data set [31].

The minimum and maximum catchment areas were identified directly after exclusion of outliers.
Then, the catchment areas were divided into classes. The catchment area for each building sector
with the most likely occurrence was defined as the mode of the catchment areas, calculated using
the Czuber method [32]. Catchment areas for single-family and multi-family residential buildings
were obtained from [33]. For public and commercial sectors, data were measured in the Geographical
Information System (SIMGeo) [34], a geographic information system developed for the city of Joinville.
Custódio [33] assessed only residential buildings in one watershed in Joinville, where 49% of the
Joinville population live [35], so the catchment areas of this watershed were considered as representative
for the entire city. Therefore, for public and commercial sectors, only the areas of buildings in the same
watershed analysed by Custódio [33] were measured.

As for the total daily water demand, minimum, maximum, and the most likely occurrence demands
for each sector were also defined using the same procedure as the one for catchment areas. The same
studies used for determining water end-use scenarios were used as references to define the daily water
demand. The total daily water consumption of 22 single-family residential buildings [5,22,24,25], 26
multi-family residential buildings [4,23], 12 public buildings [6,26], and 10 commercial buildings [20]
were taken into account. From the results presented in these studies, the three total daily water
demand for each sector was determined. The total daily water demand was chosen instead of the per
capita demand because it already includes the per capita demand and the number of occupants of
the building.

The rainwater demand (percentage of the total daily water demand to be replaced with rainwater)
was taken as equal to the non-potable water demand in the scenarios simulated. The runoff coefficient
adopted was 0.8, as used in other studies [2,5–7,17,33]. A first flush equal to 2 mm was considered,
as recommended by the Brazilian Standard NBR 15527 [36].

A daily rainfall time series of twenty-one years from Joinville was used (1996 to 2016). This data
was provided by the Cubatão and Cachoeira River Basin Management Committee, an institution that
collects daily rainfall data in a meteorological station located in Joinville.

The upper rainwater tank capacity was defined as equal to the average rainwater demand.
The lower rainwater tank was simulated considering capacities ranging from 0 to 50,000 L, at intervals
of 1000 L. The ideal tank capacity and the corresponding potential for potable water savings were
obtained as output from Netuno. The ideal tank capacity was considered the one in which the potential
for water savings increased 2% or less by increasing the tank capacity in 1000 L.

For each water end-use scenario, nine simulations were performed (three catchment areas and
three total daily water consumptions) using the Netuno computer programme. For each simulation,
Netuno indicated the ideal lower rainwater tank capacity and the corresponding potential for potable
water savings.
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2.3.4. Combination of Strategies

The reduction of water consumption if replacement of toilets, greywater reuse, and rainwater
harvesting were adopted simultaneously in the buildings were also assessed. In this analysis, the
replacement of toilets was prioritised because toilets are considered the most water-consuming
plumbing fixtures in buildings [37], they contribute to decreasing sewage generation, and because this
strategy needs less intervention to be implemented in existing buildings.

Greywater reuse was the second strategy prioritised in this combination, assuming that this
alternative source would supply the remaining non-potable water demand after the replacement of
toilets. This measure also contributes to reducing sewage generation. Besides, greywater is produced
in the building itself, and its availability does not depend on climatic conditions, unlike rainwater [7].

In those scenarios where greywater available for reuse was not enough to supply all non-potable
water demand, rainwater was also considered an alternative source to be used for such purposes.
Analysis of rainwater harvesting was not done for the cases where greywater was enough to supply all
non-potable water demand.

The potential for potable water savings was determined by summing the potentials for each
strategy, which were defined in the same way as described in Sections 2.3.1–2.3.3. The potential for
reduction of sewage generation due to the combination of strategies was equal to the potential for
water savings due to toilets replacement plus the potential for water savings due to greywater reuse.

2.4. Reduction of Potable Water Consumption and Sewage Generation

Data for annual water consumption and annual sewage generation in Joinville from 2007 to 2016
were obtained in the National Information System on Sanitation [38]. The outliers of these data were
identified and excluded, and the average annual potable water consumption and the average annual
sewage generation in the city were calculated. The percentages of water consumption and sewage
generation corresponding to each sector were determined based on data from the Municipal Agency
for the Regulation of Water and Sewage Services of Joinville [39].

After estimating the potential for potable water savings for all the water end-use scenarios as
described in Sections 2.3.1–2.3.4, the scenarios that would guarantee the minimum and maximum
potentials for water savings for each strategy were identified for each sector. The reduction of potable
water consumption in each sector was estimated using Equation (1):

V = PE×C (1)

where V is the volume of potable water saved in the sector (m3/year); PE is the potential for potable
water savings due to the strategy considered (%), calculated as described in Sections 2.3.1–2.3.4; C is
the average annual volume of water consumed in Joinville in the sector considered (m3/year).

Then, the reduction of sewage generation in these scenarios of minimum and maximum water
savings was calculated for each sector through Equation (2). Rainwater harvesting was not considered
in this case because this strategy does not influence sewage production. In cases where isolated
strategies were analysed, the potential for reducing sewage generation was considered equal to the
water savings due to toilet replacement or greywater reuse. For the combination of strategies, it was
considered the sum of potentials for water savings due to these two strategies.

V′ = PE′ ×C′ (2)

where V′ is the reduction of sewage volume generated in the sector (m3/year); PE′ is the potential for
potable water savings due to the replacement of toilets, greywater reuse, or both (%), calculated as
described in Section 2.3.1, Section 2.3.2, and Section 2.3.4; C′ is the average annual volume of sewage
generated in Joinville in the sector considered (m3/year).
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Equations (1) and (2) were applied only to the two water end-use scenarios of each sector that
correspond to the minimum potential and the maximum potential for potable water savings and
sewage generation reduction. In this way, the minimum and maximum volumes of water that could be
saved were determined for each sector, as well as the minimum and maximum reductions of sewage
generated, i.e., the possible range of water consumption reduction and sewage generation reduction
for each sector were determined.

The total reduction of potable water consumption in Joinville, considering all the building sectors
evaluated in this study, was calculated by summing the volumes determined for each sector using
Equation (1). Similarly, the total reduction of the sewage generation in the city was determined by
summing all the volumes calculated using Equation (2) for each sector. Thus, the minimum and
maximum total reductions of potable water consumption and sewage generation in Joinville were
determined, i.e., the possible range of reduction of potable water consumption and sewage generation
in the city.

The determination of the possible ranges of reductions of water consumption and sewage
generation was repeated four times: considering toilet replacement, greywater reuse, rainwater
harvesting, and the simultaneous adoption of these three strategies.

3. Results and Discussion

3.1. Water End-Uses

Figure 2 shows the range of water end-uses considered in this research for each building sector.
The minimum and the maximum percentages of each box are close to the reference values presented in
Table 1, and they were varied every 10%. In the single-family residential sector, greywater sources
ranged from 15% to 65%, non-potable water demand ranged from 10% to 50%, and toilets water
end-use ranged from 5% to 45%, in intervals of 10%. In the multi-family residential sector, greywater
sources varied from 25% to 45%, non-potable water demand from 25% to 35%, and toilets water end-use
from 15% to 35%, in intervals of 10%. In the public sector, the percentages ranged, in intervals of 10%,
from 5% to 35% for greywater sources, from 25% to 85% for non-potable water demand, and from 20%
to 80% for toilets water end-use. In the commercial sector, greywater sources ranged from 5% to 35%,
and non-potable water demand and toilets water end-use ranged from 55% to 85%, in intervals of 10%.
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3.2. Potential for Potable Water Savings

Table 2 shows the minimum and maximum potentials for potable water savings and reduction of
sewage generation due to each strategy in all building sectors. For toilets replacement and greywater
reuse, the potential for water savings and reduction of sewage generation is the same. Rainwater
harvesting does not contribute to a decrease in effluent production. Therefore, the potential for sewage
reduction is zero for this strategy, and it is different from the potential for water savings for the
combination of strategies.

Table 2. Minimum and maximum potentials for potable water savings and reduction of sewage
generation in each building sector.

Strategy. Building
Sector

Potential for Potable Water
Savings (%)

Potential for Reduction of
Sewage Generation (%)

Minimum Maximum Minimum Maximum

Replacement of
toilets

Single-family
residential 0.8 33.8 0.8 33.8

Multi-family
residential 2.2 26.2 2.2 26.2

Public 3.0 60.0 3.0 60.0
Commercial 8.2 63.8 8.2 63.8

Greywater
reuse

Single-family
residential 10.0 45.0 10.0 45.0

Multi-family
residential 25.0 35.0 25.0 35.0

Public 5.0 35.0 5.0 35.0
Commercial 5.0 35.0 5.0 35.0

Rainwater
harvesting

Single-family
residential 9.9 49.8 0.0 0.0

Multi-family
residential 0.2 25.8 0.0 0.0

Public 3.5 72.1 0.0 0.0
Commercial 2.6 69.9 0.0 0.0

Combination of
strategies

Single-family
residential 10.0 50.0 10.0 50.0

Multi-family
residential 25.0 35.0 25.0 35.0

Public 11.5 84.9 8.0 75.0
Commercial 15.9 85.0 13.2 78.8

3.2.1. Replacement of Toilets

The potential for potable water savings due to this strategy ranged from 0.8% to 33.8% in the
single-family residential sector, from 2.2% to 26.2% in the multi-family residential, from 3.0% to 60.0%
in the public, and from 8.2% to 63.8% in the commercial sector.

The potential for water savings due to the replacement of toilets is directly related to the
water use in toilets compared to the total water use in the building. In public and commercial
buildings, this plumbing fixture usually corresponds to the most considerable part of the total water
consumption [6,20,26], so savings due to this strategy in these sectors are higher than in others.

3.2.2. Greywater Reuse

The average potential for potable water savings in single-family residential, multi-family
residential, public and commercial sectors was, respectively, 26.2%, 29.0%, 17.4%, and 15.7%. In public
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and commercial buildings, non-potable water demand is usually higher than greywater sources [6,20,26].
Thus, the potential for water savings due to greywater reuse in these sectors is usually lower.

In residential and commercial sectors, these results are in agreement with other similar researches
carried out in Brazil [2,7]. However, Fasola et al. [6] concluded that water savings due to greywater
reuse in two public schools would be 4.2% and 5.1%. These values are lower than the average potential
for the public sector presented in this study. It should be noted that public buildings in Brazil have
many types of occupations, such as administrative buildings, schools, and hospitals, which have quite
different water end-uses. Therefore, in order to consider diverse occupations with different water
consumption profiles, the public sector was the one with more end-use scenarios in this research.
This justifies the disparity between the average potential for water savings presented in this study,
which considers different occupations, and that found by Fasola et al. [6] who analysed only schools.

In only three out of the fifteen scenarios (20.0%) of the multi-family residential sector, greywater
reuse was not enough to supply all non-potable water demand. For the single-family residential sector,
this percentage increased to 52.6%. In public and commercial sectors, this strategy did not supply
non-potable demand in 95.7% and 100.0% of the cases, respectively. The potential for water savings for
this strategy depends directly on the water end-uses, both greywater sources and non-potable water
demand. In public and commercial buildings, non-potable uses (toilets, urinals, cleaning, and garden
irrigation) are usually higher than greywater available for reuse (lavatory taps and showers), so it is
hard to fully meet the non-potable demand considering only this strategy.

3.2.3. Rainwater Harvesting

The potential for water savings due to rainwater harvesting was determined through simulations
using the Netuno software [28]. Table 3 shows the values of total daily water demands and catchment
areas used in the simulations.

Table 3. Total daily water demands and catchment areas for each sector.

Building
Sector

Total Water Demand (L/Building/Day) Catchment Area (m2)

Minimum Most Likely
Occurrence Maximum Minimum Most Likely

Occurrence Maximum

Single-family
residential 217 278 659 36.0 64.4 200.4

Multi-family
residential 5271 35,962 110,500 97.8 273.8 657.8

Public 2982 4673 15,164 127.3 544.7 4115.3
Commercial 2652 6624 7948 30.7 231.6 964.2

The average potential for potable water savings of all scenarios simulated for single-family
residential, multi-family residential, public, and commercial sectors was, respectively, 28.1%, 6.3%,
29.5%, and 25.4%. These values differ from those presented by other researches that analysed rainwater
harvesting in buildings in Brazil [2,4,6,7]. This difference was expected because potable water savings
resulting from rainwater harvesting depends on several factors, such as local rainfall, catchment area,
potable water consumption, and rainwater demand. These characteristics are particular to each city
and building. Hence, rainwater harvesting provides diverse water savings, even in buildings of the
same sector. Therefore, besides water end-use scenarios, simulations for this strategy also considered
more than one catchment area and total potable water demand in order to evaluate different sets of
building features.

It has been found that for high potable water demand, a small increase in catchment area
considerably increases the potential for water savings, i.e., as the total water demand increases,
water savings are more sensitive to changes in the catchment area. This is because the catchment area
is directly related to the volume of rainwater available for use. In this way, the higher the rainwater
demand, the more area is needed to collect enough rainwater to supply the demand.
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3.2.4. Combination of Strategies

Compared with the isolated measures, the simultaneous adoption of strategies resulted
in more significant potential savings (Table 2). Other studies presented the same trend [2,7].
However, the strategy that provides the highest potable water savings sometimes is not economically
feasible or the one that causes less environmental impact. Therefore, other indicators besides the
potential for water savings should be evaluated, such as economic feasibility indicators, energy
consumption, and embodied energy of the strategies [40].

3.3. Reduction of Potable Water Consumption and Sewage Generation

According to data from the National Information System on Sanitation [38], the average annual
consumption of potable water in Joinville between 2007 and 2016 was 29,115,880 m3. The average
annual sewage generation in the city during this period was 5,466,510 m3. Table 4 shows the percentage
of volumes of water consumed and sewage generated in each building sector.

Table 4. Percentage of water consumption and sewage generation in each building sector in Joinville.

Building Sector Water Consumption (%) Sewage Generation (%)

Residential 81 79
Public 4 3

Commercial 10 16
Industrial 5 2

Source: AMAE [39].

According to the Brazilian Institute of Geography and Statistics [41], 84.2% of households in
Joinville are single-family dwellings, and 15.8% are located in multi-family buildings. Therefore, it was
considered that regarding the volumes of water consumed and sewage generated in the residential
sector (Table 4), 84.2% correspond to single-family dwellings and 15.8% to multi-family ones.

Table 5 shows the total potentials for water savings and reduction of sewage generation.
These potentials were determined in relation to the average annual water consumption and the
average annual volume of sewage collected and treated in Joinville between 2007 and 2016. Figures 3
and 4 show, respectively, the minimum and the maximum total reductions in potable water consumption
and sewage generation resulting from each strategy. There is no reduction in sewage generation due
to rainwater harvesting because this strategy does not contribute to decreasing effluent production
in buildings.

Table 5. Total potentials for potable water savings and sewage generation due to each strategy.

Strategy Potential for Potable Water Saving (%) Potential for Reduction of Sewage
Generation (%)

Minimum Maximum Minimum Maximum

Replacement of
toilets 1.7 35.1 2.1 37.4

Greywater reuse 10.7 40.1 10.7 40.8
Rainwater
harvesting 7.2 47.2 0.0 0.0

Combination of
strategies 12.1 50.5 12.1 52.1
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The combination of strategies provided the highest potential for potable water savings in all cases
analysed. However, in the minimum scenario, the potential due to greywater reuse was only 1.4%
lower, and in the maximum, the potential obtained for rainwater harvesting was only 3.3% lower.
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For the minimum scenario of the single-family residential sector, greywater reuse and the
combination of strategies resulted in the highest reductions of water consumed, but the difference in the
reduction obtained by rainwater harvesting, in this case, would be only 1.1%. In the maximum scenario,
the combination of strategies presented the best result, but rainwater harvesting would provide savings
only 0.3% lower. In the multi-family residential sector, the most significant water savings were due
to greywater reuse and the combination of strategies, in both minimum and maximum scenarios.
Rainwater harvesting was not significant in this sector because the total potable water demand was
high, and the catchment area was not large enough to collect the amount of rain needed to supply
non-potable uses. In public and commercial sectors, the combination of strategies provided the highest
reductions in water consumption.

Regarding sewage generation, in minimum and maximum scenarios, the combination of strategies
resulted in the highest potentials for reduction. However, in the minimum scenario, the potential
due to greywater reuse is only 1.4% lower. In the residential sector (single-family and multi-family),
greywater reuse and the combination of strategies were the measures that provided the most significant
reductions of sewage generation. In public and commercial buildings, the simultaneous adoption of
three strategies was responsible for the greatest decreases.

The single-family residential sector was the most representative in both potable water savings and
reduction of sewage generation in most situations assessed, that is, it corresponds to the largest portion
of total reductions of water consumption and sewage production in the city. The least representative
sector was the public, although public buildings have presented a high potential for water savings
(Table 2). This is because this sector represents a small part of the total water consumption in Joinville
(Table 4). As the single-family residential sector consumes the largest volume of water, strategies
adopted in several buildings provide significant reductions in total water consumption in the city.

Regarding the replacement of toilets, the commercial sector also contributes significantly to reduce
water consumption and sewage generation, especially in the minimum scenario. The use of toilets in
these buildings is usually higher than in the residential sector, so this strategy provides significant
water savings and sewage production decrease. Replacement of conventional toilets with dual-flush
ones would be more simply adopted in existing buildings compared to the use of alternative sources
(greywater or rainwater), so it is a suitable option to be applied in commercial buildings on a city scale.

It was identified that the scenarios that corresponded to the minimum potential for water
savings had the lowest volumes of non-potable demand and greywater sources considered in this
research, and those referring to the maximum potentials had the highest non-potable demands and
the maximum catchment area adopted for the sector. Also, it was verified that in the minimum
scenario, greywater reuse provided reductions of potable water consumption and sewage generation
similar to those obtained for the combination of strategies. In the maximum scenario, water savings
due to rainwater harvesting was also close to that obtained with the combination of strategies.
Furthermore, the implementation of one strategy for the rational use of water is simpler and cheaper
than the installation of several strategies. Therefore, it was concluded that when non-potable demand
is low, greywater reuse is the most feasible alternative in order to reduce water consumption and
sewage generation in Joinville. When non-potable demand is high, and there is a large catchment area,
it is recommended to install rainwater harvesting systems, but this measure does not contribute to
reducing effluents production.

4. Conclusions

This article aimed to estimate the reduction of potable water consumption and sewage generation
in Joinville, southern Brazil. This analysis was performed on a city scale for the single-family and
multi-family residential, public, and commercial sectors of the city.

The combination of toilet replacement, greywater reuse, and rainwater harvesting was the
option that resulted in the highest potentials for potable water savings in all sectors. If the
strategies were adopted simultaneously in the four sectors assessed, the total reduction of water
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consumption in Joinville would range from 12.1% to 50.5% (3,517,700.7 m3/year to 14,690,012.0 m3/year).
However, other strategies presented similar results. For the minimum water-saving scenario, greywater
reuse would provide a reduction of 10.7% in the total water consumption in the city (3,129,843.7 m3/year).
For the maximum scenario, the decrease in water consumption due to rainwater harvesting would be
47.2% (13,732,355.4 m3/year). Regarding sewage generation, the combination of strategies was also the
option that would provide the highest reductions, ranging from 12.1% to 52.1% (660,476.4 m3/year to
2,849,730.8 m3/year). However, for the minimum scenario, the decrease in sewage generation due to
greywater reuse would be similar (10.7%).

It was concluded that when non-potable water demand is low, greywater reuse is the most
feasible strategy to be implemented in buildings in Joinville because it results in similar water savings
and reduction of sewage generation to those provided by the simultaneous adoption of strategies.
When non-potable demand is high and there is a large catchment area, rainwater harvesting is the best
alternative for water savings, but it does not contribute to reducing sewage generation.

The single-family residential sector was the most representative in reducing total potable water
consumption and sewage generation, so it should be prioritised if some of these strategies were
implemented in Joinville. The public sector had little relevance to total reductions in water consumption
and sewage generation. However, the implementation of strategies for water savings in public buildings
could encourage their adoption in other sectors.

It should be noted that potential for water savings due to each strategy depends on particular
characteristics of the building, such as water end-uses, total water demand, and catchment area.
Thus, it is essential to do a previous analysis of which would be the most appropriate strategy for
each case.

Data used to define the water end-use scenarios and potable water consumption in Joinville were
based on the results of other researches and information provided by the National Information System
on Sanitation. Therefore, the main limitation of this study is related to the use of theoretical data.
The definition of several water end-use scenarios and minimum, most common, and maximum total
daily water consumption was made in order to minimise this limitation. On-site data collection is
suggested to increase the accuracy of the results presented in this paper. Also, the use of other studies
to define the water end-use scenarios and total daily water consumption per building did not allow
the separation of consumption into indoor and outdoor uses. This division is important because in
buildings where there are outdoor uses, per capita consumption is usually higher, and because of
this limitation, this analysis cannot be done. However, the percentages of water end-uses refer to the
total consumption of the building, so the outdoor use considered in this study (garden irrigation) was
added to the non-potable demand.

The results of this study could encourage the local utility to support the adoption of these
strategies in buildings in Joinville. Therefore, the estimation of the cost of installing these strategies
and the verification of the economic feasibility of their adoption in each building sector should also be
investigated. Although the results presented in this paper refer only to Joinville, this method can be
applied elsewhere. Other utilities, seeing the significant results of applying water-saving strategies on
a large scale, may apply this method in their coverage area.
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