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Abstract: The objective of this paper was to assess the potential for potable water savings due to
rainwater use in a precast concrete factory in southern Brazil. The economic feasibility and the
rainwater quality were also assessed. The current water consumption, future water demand, and
rainwater demand in the factory were estimated. The future demand considered was two times
higher than the current water consumption since there were plans to increase the production. Three
scenarios were then simulated using the computer programme Netuno. The ideal rainwater tank
capacity, the potential for potable water savings, and the economic feasibility analysis for each
scenario were estimated. Samples of rainwater were collected in the factory and tested for quality
for manufacturing precast concrete. For a rainwater tank capacity equal to 25,000 L, the potential
for potable water savings for the first scenario was 55.4%, but the first scenario was considered
economically unfeasible. For the same tank capacity, the second and third scenarios presented viable
results regarding potable water savings and payback. As for the rainwater quality, it was proven
to be adequate for manufacturing precast concrete. The main conclusion was that rainwater can be
used to manufacture precast concrete in the factory studied herein.

Keywords: rainwater harvesting; rainwater quality; precast concrete; financial analysis; com-
puter simulation

1. Introduction

Rainwater harvesting systems may be installed in different kinds of buildings, such as
houses, commercial and residential buildings, factories, and many others. The economic
benefit of the installation of the system is still a matter of concern among specialists. The
economic feasibility varies significantly for each region, being highly dependent on the
water tariff charged by the local water company, the rainfall, and the adequate sizing of the
rainwater tanks [1].

A study carried out by Ghisi and Schondermark [2] about the installation of rainwa-
ter harvesting systems in houses in the state of Santa Catarina (Brazil) showed that the
economic benefits of these systems depend on the water demand. Although there would
be environmental benefits due to the installation of rainwater harvesting systems in all
houses, there would be economic feasibility only in those with higher water demands or a
higher number of occupants.

The use of rainwater can also be applied to situations that demand low volumes of
water. Fernandes et al. [3] projected a rainwater harvesting system in a waste treatment
installation close to the city of Mirandela (Portugal). Rainwater would be used to wash
cars and other equipment, clean outdoor concrete and asphalt floors, and irrigate green
areas. Fernandes et al. [3] pointed out that for installations that demand small amount of
water, the water harvesting systems would be efficient even if the tank capacity did not
supply 100% of the demand. The tank capacity supplied 90% of the water demand.

After going through adequate treatment, rainwater can be used in different applica-
tions that do not require potable water. The Brazilian standard NBR 15527 [4] presents
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some possibilities for the utilisation of rainwater, such as toilet flushing; water mirrors;
irrigation of lawns and ornamental plants; washing cars; cleaning sidewalks, streets, and
patios; and also for some industrial processes.

Rainwater harvesting systems and other measures that favour the preservation of the
environment and natural resources are still rarely used in the field of civil construction.
Zhang et al. [5] pointed out that it is likely that one of the main reasons construction compa-
nies have a low rate of adoption of environmental measures is because the financial savings
are usually enjoyed by the building occupants and not necessarily by the constructor or the
client that hired the construction.

A high amount of water is used in constructions, which shows the need for implement-
ing programmes of sustainable use of water resources in construction sites [6]. As pointed
out by Santos et al. [7], some studies on water use in buildings have already been performed;
however, the water consumption in the stages of construction has been poorly explored.
Souza and Ghisi [8] analysed 10 construction sites in Cricitima, southern Brazil, and ob-
served that the average daily water consumption per worker was 51.25 L/worker.day
(ranging from 42.73 to 65.58 L/worker.day), and the average monthly water consumption
per built area was 5.06 L/m?.month (ranging from 1.76 to 9.79 L/m?.month). According to
McCormack et al. [9], the efforts for reducing water consumption are mostly related to the
operation of the building. Thus, the consumption of water for constructing buildings is
usually neglected.

Zhong and Wu [10] performed a study in Singapore to investigate the performance
of reinforced concrete and steel structures according to economic sustainability, environ-
mental sustainability, and constructability. The results indicated that reinforced concrete
structures consume approximately 1468 L/m? on average, while steel structures consume
only 1.89 L/m?. This difference is due to the differences in the construction process of these
two types of structures. It was found that the consumption of water is not a decisive factor
for the selection of the material used in the structure of the building.

Concrete is one of the materials largely used in the construction industry. It is necessary
to use cement, coarse aggregate, fine aggregate, and water to manufacture concrete. Due to
the high consumption of water in concrete mixing plants, precast concrete industries and
construction sites are concerned with the consumption of this natural resource. In order
to reduce the consumption of potable water for manufacturing concrete, there are some
alternatives available, such as greywater or rainwater.

According to Arnaldo Forti Battagin (laboratory manager of the Brazilian Associ-
ation of Portland Cement), rainwater can be used for manufacturing concrete, as long
as it presents a pH higher than 5 and meets the requirements of the Brazilian standard
NBR 15900 [11]. The Brazilian regulation about water for manufacturing concrete—NBR
15900 [12]—states that rainwater can be used for manufacturing concrete provided that it
is tested for some parameters.

Bedoya-Montoya and Medina-Restrepo [13] conducted a study in Colombia to com-
pare the quality of concrete produced using either potable water or rainwater. The authors
installed a rainwater collection system on the campus of Institucion Universitaria Colegio
Mayor de Antioquia. The quality of the rainwater collected was monitored for six months.
The water was analysed when the tank was full. The amount of water collected during the
first five minutes of each rain was disposed of due to its lower quality. The potable water
analysed was collected directly from the aqueduct supplied by the local water company. It
was possible to identify that both were adequate to be used for manufacturing concrete.
Afterwards, concrete specimens were submitted to compressive strength testing. The
results obtained with the compressive strength testing did not indicate that the rainwater
reduced the concrete strength in comparison with the samples manufactured using potable
water. Bedoya-Montoya and Medina-Restrepo [13] also pointed out that there were no
noticeable differences between the two samples of fresh concrete, regarding the laying
process, workability, and appearance.



Water 2021, 13, 448

30f16

The Brazilian regulation about water for manufacturing concrete, as well as the
regulations of other countries, such as Colombia, allows for the utilisation of rainwater
for manufacturing concrete, as long as the water meets the quality criteria established.
However, using rainwater for manufacturing concrete is a subject that is still poorly
explored globally, and the number of studies is still scarce.

The main objective of this paper was to assess the potential for potable water savings
due to rainwater use in a precast concrete factory in southern Brazil. The economic
feasibility and the rainwater quality were also assessed.

2. Materials and Methods
2.1. The Factory

The factory to be assessed is located in Sdo José, southern Brazil. It currently has 65 em-
ployees and produces different kinds of concrete elements; the water demand is 15,000 L/d
on average. The floor-plan areas of the main roofs of the factory sum 15,346.71 m?. Such a
large roof area could be used to harvest rainwater. The roofs and their corresponding areas,
A, are shown in Figure 1.

"’__7////////

LEGEND

Office - A=425.12 m*
Parking lot 1 - A=219.29 m*
Parking lot 2 - A=212.44 m*
Parking lot 3 - A=170.00 m*
Shed 1 - A=4680.00 m*
Shed 2 - A=7400.00 m*
Security - A=181.04m*

Laboratory - A=160.00 m*

Refectory - A=1898.82 m?

Figure 1. Layout of the roofs of the factory and their corresponding areas. Source: Image from Google
Earth generated by the authors in 2018.

2.2. Data Collection

In order to perform the analyses, we needed to collect some data, such as daily rainfall
data. Furthermore, it was necessary to determine the water demand at the factory and to
separate this demand into 2 categories. The first category is the one that requires potable
water; the second is the one that does not require potability and therefore can be replaced
with rainwater. Moreover, other types of data were essential to obtain the potential for
potable water savings, such as the roof areas where the rainwater was collected and their
runoff coefficients.
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2.2.1. Rainfall Data

The daily rainfall data used in this work were obtained from INMET [14] and are
available on BDMEP (Meteorological Database for Teaching and Research). The weather
station is located in the district of Praia Comprida in the city of Sdo José (Latitude 27.6025° S
and Longitude 48.620278° W). This rainfall station was chosen due to its proximity to the
factory (3.5 km) and because it has been operating since 1921.

2.2.2. Current Water Consumption

It was not possible to obtain the total water consumption in the factory with accuracy
because currently the water consumed is extracted from an artesian well located in situ,
and therefore there is no control of the amount of water pumped daily or monthly. For
this reason, water consumption at the factory was estimated. In order to estimate the
water consumption, we needed to obtain the number of employees and activities that
require water. For each activity, the consumption of water per unit (repetitions, m3, etc.)
was estimated. The number of repetitions of each process and the volume of concrete
manufactured were obtained from the reports kept at the factory.

The number of concrete elements produced varies throughout the year. It depends
on the demand, but mainly on the factory planning since a great number of elements are
produced to maintain the stock. Therefore, the total water consumption was estimated
for each month of the year. The estimated water consumption was divided among the
working days of the year since the factory only operates on those days.

2.2.3. Rainwater Demand

Currently, the artesian well is being used close to its maximum capacity. Therefore,
in case the demand for water increases, it would be necessary to use water from the local
water company, which increases costs. Since the company board is planning on doubling
the monthly production of concrete elements, demanding a volume of water that is higher
than the one available in the artesian well, the future water demand considered herein is
twice as much the current consumption.

The volume of water available in the well varies according to rainfall and other
environmental factors. Thus, the volume of water available daily varies throughout the
year. For this reason, the average water consumption was considered. The average
daily water extraction from the well was considered as 14,000 L. This average figure was
given by the factory managers, which obtained it throughout the years of the artesian
well exploration.

Consequently, the rainwater demand considered was the figure that exceeds the
average limit of exploration of the well. This way, on the days in which the future demand
was lower than 14,000 L, there was no demand for rainwater. For the days in which the
future demand surpasses the average limit of exploration of the well, the rainwater demand
will be the future water demand minus 14,000 L. This was chosen to prioritise the use of
water from the artesian well since it does not imply costs for acquisition, only costs with
electricity for pumping the water.

2.2.4. Runoff Coefficients

The roofs which were considered to be a part of the rainwater harvesting system are
made of different materials, such as ceramic, enamelled, and metallic tiles. The Brazilian
standard NBR 15527 [4] presents runoff coefficients equal to 0.8 as the most commonly
used. For this reason, 0.8 was adopted as the runoff coefficient for the factory roofs.

2.3. Potential for Potable Water Savings

The potential for potable water savings due to the installation of the rainwater har-
vesting system was estimated using the Netuno computer programme, version 4 [15]. Such
savings refer to the savings of potable water supplied by the local water company since
water savings from the artesian well are not desired by the company board. In order to
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estimate the potential for potable water savings using Netuno, we needed to obtain daily
rainfall data, as well as some other data such as first flush, rainwater catchment area, total
water demand, number of occupants, rainwater demand, and the runoff coefficient of
the roofs.

The installation of a lower-level rainwater tank and an upper-level tank was consid-
ered. The rainwater collected from the roofs would be stored in the lower-level tank, and
then pumped to the upper-level tank, allowing the rainwater distribution for consumption
to be done by gravity.

The capacity of the upper-level rainwater tank was also input data for the simulations.
As for the lower-level rainwater tank, different capacities were simulated. The upper-level
rainwater tank was considered to be installed at roof level, and the lower-level rainwater
tank was to be placed at ground level. Different roof areas were also simulated. Three
scenarios were considered in order to allow the comparison of different levels of investment
in rainwater harvesting according to the roof area used to harvest rainwater. In the first
scenario, rainwater was collected from all roofs identified in Figure 1; in the second scenario,
all roofs but sheds 1 and 2 were considered; and in the third scenario, all roofs but shed 1
and the refectory were considered.

The Netuno computer programme estimates the potential for potable water savings for
each lower-level rainwater tank. Netuno’s main output data are potential for potable water
savings; daily rainwater consumption; percentage of days in a year in which the rainwater
demand is fully met, partially met, and not met; and the ideal capacity for the lower-level
rainwater tank. More information about the Netuno computer programme algorithm can
be found in Ghisi [16].

2.4. Financial Analysis

In order to perform the financial analysis for the three scenarios, we required some
estimations. The quantity and the diameters necessary for gutters; piping; pipe connections;
rainwater tank; and other accessories such as solenoid valve and float switch, among others,
were estimated.

The financial analysis was performed using Netuno. The water and sewage tariffs,
the monthly inflation, the period in which water and electricity tariffs increase, the period
of analysis, and the minimum acceptable rate of return were some of the input data.
Moreover, labour costs and the costs of the rainwater tanks, piping, and accessories were
needed. When an upper-level water tank was used, the electricity tariffs and the costs of
the upper-level rainwater tank and the motor pump were also necessary. Furthermore,
other operational costs may need to be considered, such as costs with maintenance or water
treatment, when applicable.

The inflation considered was the average of the monthly inflation between October
2017 and September 2018, obtained from the National Index of Prices for the Wide Con-
sumer (IPCA) from the Brazilian Institute of Geography and Statistics [17]. The water
tariffs for consumption in industries were obtained from the local water company, and the
sewage tariffs were considered null since the factory has its sewage treatment systems in
situ. The electricity tariffs were obtained from the local electricity company. Taxes were
also considered. The period of readjustment of water and electricity tariffs was considered
as 12 months.

The period of analysis considered was 20 years, which is the average lifespan of the
motor pump—the equipment of the system that has the shortest lifespan. The minimum
acceptable rate of return considered was the average profitability index of the savings
account between October 2017 and September 2018.

The net present value, internal rate of return, and discounted payback were obtained
using Netuno. The scenarios were considered economically feasible when the internal rate
of return was higher than the minimum acceptable rate of return, and the net present value
was positive.
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The net present value can be estimated using Equation (1) [18].

G G Cn
NPV = Co+ — + :
0" 1+ (1+i)? (1+49)"

.. (1)
where NPV is the net present value (R$, which stands for Brazilian Real (BRL)), C, is
the net cash flow at the period #, and i is the minimum acceptable rate of return. The
period considered for the financial analysis (1) was 240 months (20 years). All costs were
considered as negative figures and the savings as positive figures. Cy was calculated
considering the costs of the lower-level rainwater tank, the upper-level rainwater tank,
labour, piping, accessories, and pumps. The costs considered for C; to Cyg included the
electricity tariff and corresponding taxes for the operation of the pump.

The payback period represents the time when the invested capital is recovered. It
is considered that the investment is recovered when the net present value becomes zero.
Therefore, the payback period is the value # in Equation (1) when NPV is equal to zero.

The discount rate that results in a net present value equal to zero, considering the
period for the financial analysis, is the internal rate of return. The internal rate of return
represents the profitability of the investment and can be obtained using Equation (2) (based
on Mishan and Quah [19]).

n Cn

0= t;, (1+1IRR)" @

where IRR is the internal rate of return (% per month); C, is the net cash flow at the period
n; and n is the period considered for the financial analysis, which was 240 months.

2.5. Rainwater Quality

In this study, rainwater is meant to be used only for manufacturing concrete, cutting
pieces, and cleaning lanes. Two rainwater samples were collected in two different days
from the same location, i.e., the roof of the office. In the first sample, there was no first flush
disposal, and in the second, there was first flush disposal. The objective was to compare the
quality of the rainwater collected in 2 different situations. The first sample was collected
on the 11 September 2018, after 6 days with no rain. The second sample was collected on
the 12 September 2018 and there was a first flush disposal equal to 2 mm. The procedure
for collecting and storing the samples complied with NBR 15900 [12].

The rainwater quality was assessed according to NBR 15900 [12]. First of all, it was
necessary to perform the preliminary tests. After that, if the water met the requirements es-
tablished for the preliminary tests, the determination of contaminants (sugars, phosphates,
nitrates, lead, and zinc) could be made. In case the water was not approved in the criteria
established for the preliminary tests, the concrete setting time and concrete strength tests
would be mandatory. If the water being tested did not meet all the criteria established
for the preliminary tests, it could still be approved for use in concrete, as long as it was
approved in the tests of concrete setting time and concrete strength, chlorides (or meet the
requirements of NBR 12655 [20]), sulphate, and alkalis (or meet the requirements of NBR
15577 [21]). We chose to perform the preliminary tests and also the concrete setting time
and concrete strength tests regardless of the results of the preliminary tests. By performing
these tests, the determination of contaminants would not be necessary.

Afterwards, it was necessary to perform the tests for chlorides and sulphate. The
determination of the level of alkalis was not necessary since aggregates not reactive with
alkalis are used in the factory. The factory uses aggregates from a single supplier, obtained
from the same mine, and the non-reactivity of the material is verified using periodic tests
for the alkali-aggregate reaction.

Therefore, the following tests were performed: (i) preliminary tests: oils and fat,
detergents, colour, solid material, odour, acids (pH), organic matter; (ii) concrete setting
time; (iii) concrete strength; (iv) chlorides; (v) sulphate.
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The preliminary tests and the tests for the level of chlorides and sulphate were per-
formed in duplicate in the Integrated Laboratory of the Environment (LIMA) in the De-
partment of Sanitary and Environmental Engineering of the Federal University of Santa
Catarina (UFSC). The oils and fats, detergents, colour, solid material, and odour tests were
performed according to the procedures indicated in the NBR 15900 [12].

The test for acid levels (pH) was performed using a piece of pH-meter equipment,
which is an instrument used to measure the pH through the potentiometric method. The
organic matter tests were performed using the colourimetric method. The concrete setting
time test was performed in the Laboratory of Civil Construction Materials (LMCC) in
the Civil Engineering Department of the Federal University of Santa Catarina (UFSC)
according to the procedure indicated in the NBR 16607 [22]. The standard NBR 15900 [12]
defines that for the water sample to be approved in the concrete setting time criteria, the
beginning and the end of the concrete setting time must not differ more than 25% from
the beginning and the end of the concrete setting time of paste prepared with distilled or
deionised water. The beginning and end of the concrete setting time must also meet the
criteria established in the Brazilian regulation for the cement used. In this case, the cement
used was the CP IV 32.

The strength tests were performed in the laboratory in the factory. In order to perform
the concrete strength tests, we moulded concrete specimens according to the criteria
established in NBR 5738 [23]. The specimens were ruptured at 7 and 28 days, according to
the procedure stated in NBR 5739 [24]. The concrete mix used for all the specimens was
the same, which was the standard mix used in the factory. The cement used was the CP
V ARL. The test for chlorides in the water samples was performed using the procedure of
titulometry. NBR 15900 [12] establishes limits for the chloride levels in the tested water
according to the use intended for the concrete. The possible uses are precast concrete or
grout, reinforced concrete, and standard concrete. Precast concrete elements and reinforced
concrete elements are manufactured at the factory. Since the maximum level of chloride
for precast concrete is the lowest (stricter), the maximum limit of chloride level considered
was defined for this category, this being 500 mg/L.

The sulphate test was performed using a spectrophotometer with a wavelength of
420 nm. The maximum level of acceptance for sulphate in the water is established in NBR
15900 [12] as 2000 mg/L.

3. Results and Discussion
3.1. Rainfall Data

Daily rainfall data from September 2001 to July 2018—approximately 17 years of
data—were used in the analysis. The annual rainfall over 2002 and 2017 is shown in
Figure 2. The average annual rainfall over that period was 1775 mm. The average monthly
rainfall, as well as the minimum and maximum for each month, are shown in Figure 3.
The month with the highest rainfall was January (223 mm); the lowest was June (85 mm).
Although rainfall distribution is not homogeneous along the year, long dry periods were
not observed, which indicates that it is possible to collect rainwater during all seasons of
the year.
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Figure 2. Annual rainfall in the city of Sdo José over 2002-2017. Source: Based on INMET [14].
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Figure 3. Average, minimum, and maximum monthly rainfall in the city of Sdo José¢ over 2002—2017.
Source: Based on INMET [14].

3.2. Current Water Consumption

The estimates for water consumption in the factory are shown in Table 1. Total water
consumption ranged from around 74,000 L to 391,000 L per month.

Table 1. Water consumption at the factory from August 2017 to July 2018.

Water for

Water for. Cutting and Water for Total Water Working Days Daily Aver.a 8¢
Month/Year Manufacturing Cleanin Human Consumption in the Month Consumption
Concrete 8 Consumption P on Workin,
Lanes P (L/month) (Days) &
(L/month) (L/month) Days (L/d)
(L/month)
August/2017 309,116 34,400 47,840 391,356 23 17,015
September /2017 96,354 800 41,600 138,754 20 6938
October /2017 101,884 16,250 43,680 161,814 21 7705
November /2017 186,462 - 41,600 228,062 20 11,403
December /2017 148,686 - 41,600 190,286 20 9514
January /2018 25,773 2500 45,760 74,033 22 3365
February /2018 176,370 24,850 39,520 240,740 19 12,671
March/2018 100,641 9700 43,680 154,021 21 7334
April/2018 93,402 17,750 43,680 154,832 21 7373
May /2018 147,459 2800 45,760 196,019 22 8910
June/2018 213,106 20,300 43,680 277,086 21 13,195
July /2018 227,282 18,650 45,760 291,692 22 13,259
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3.3. Rainwater Demand

The water demand considered for the analysis was twice as high as the current
water consumption. The total water consumption in the factory can be divided into two
categories: potable water and non-potable water. The non-potable water is related to the
uses for manufacturing concrete, cutting elements, and cleaning lanes since these activities
do not require potable water. The potable water is used for human consumption. The
non-potable water demand is the one that can be replaced with rainwater. The total water
demand is shown in Table 2.

Table 2. Total water demand at the factory.

Water for

Water for. Cutting and Water for Total Water Working Days Daily Average
Manufacturing A Human . Demand on
Month Cleaning . Demand in the Month .

Concrete Lanes Consumption (L/month) (Days) Working Days

(L/month) (L/month) y (L/d)
(L/month)

January 51,547 5000 91,520 148,067 22 6730
February 352,740 49,700 79,040 481,480 19 25,341
March 201,283 19,400 87,360 308,043 21 14,669
April 186,805 35,500 87,360 309,665 21 14,746
May 294,918 5600 91,520 392,038 22 17,820
June 426,211 40,600 87,360 554,171 21 26,389
July 454,564 37,300 91,520 583,384 22 26,517
August 618,232 68,800 95,680 782,712 23 34,031
September 192,708 1600 83,200 277,508 20 13,875
October 203,768 32,500 87,360 323,628 21 15,411
November 372,925 - 83,200 456,125 20 22,806
December 297,372 - 83,200 380,572 20 19,029

The volume of water available in the artesian well varies according to the time of the
year due to various environmental factors. In order to analyse the potential for potable
water savings through the implementation of a rainwater harvesting system, we used an
average value provided by the factory managers. The amount of water obtained from the
artesian well was 14,000 L/d.

The future water demand will be supplied by three different sources: water from the
artesian well, water from the water company, and rainwater. When the daily demand is
equal to or lower than 14,000 L, it is fully met by the water in the artesian well. When the
daily demand is greater than 14,000 L, the exceeding demand is supplied with rainwater,
and when the rainwater cannot fully supply the exceeding demand, the demand is met
with water from the water company. Thus, the daily demand for potable purposes (which
is 4160 L/d) is fully supplied by the artesian well.

Table 3 shows the water demand that can be supplied with rainwater, representing
the amount that exceeds the 14,000 L of daily consumption. Figure 4 shows the amount of
water that can be supplied by the artesian well, as well as the amount of water that will be
supplied with water from the water company and that can be replaced with rainwater.
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Table 3. Water demand that can be replaced with rainwater.

Month Water Demand on Working Days That Can Be Replaced with Rainwater (L/d)
January -
February 11,341
March 669
April 746
May 3820
June 12,389
July 12,517
August 20,031
September -
October 1411
November 8806
December 5029
35,000
30,000
E- 25,000 m Water demand to be
= supplied by the water
S utility or by the
g 20,000 rainwater
s o
= o
< 15,000 2
5 = Water demand to be
= supplied by the artesian
=
= 10,000 - well
5000 -
0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 4. Water demand that can be supplied either by the artesian well and the water company or rainwater.

3.4. Potential for Potable Water Savings

After defining the water demand that can be replaced with rainwater, we performed
simulations using Netuno to determine the ideal rainwater tank capacity. Simulations were
run for three scenarios, as explained in Section 2. The input data for the three scenarios are
shown in Table 4. The daily water demand considered was the average daily demand on
working days; the demand considered was null over weekends and holidays.

It was considered that the factory had only one occupant because the water demand
was considered, taking into account the total number of employees and the water demand
for all the other uses in the factory. It considered the installation of an upper-level rainwater
tank of 5000 L so that the rainwater could be pumped from the lower-level rainwater tank
to the upper one and then distributed by gravity. Both tanks were considered as being
installed outside of the buildings. The potential for potable water savings was calculated for
each scenario considering the ideal lower-level rainwater tank capacity obtained through
the simulations and also the potential for potable water savings considering a lower-level
tank capacity equal to 25,000 L. The 25,000 L capacity was chosen because it is adequate for
any of the three scenarios and it can be easily found on the market. The results obtained
from the simulations for the three scenarios are shown in Table 5.
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Table 4. Input data used in the Netuno computer programme.

Input Data
Initial date 1 September 2001
First flush disposal (mm) 2
Roof area (m?) First scenario: 15,346.71
Second scenario: 3266.71
Third scenario: 8767.89
Total water demand Variable (according to data shown in Table 3)
Number of occupants 1
Rainwater demand (% of the total water demand) 100
Runoff coefficient 0.8
Capacity of the upper-level rainwater tank (L) 5000
Percentage of the upper-level rainwater tank volume in
which there is pumping from the lower-level to the 5
upper-level tank (%)
Capacity of the lower-level rainwater tank Simulation for various capacities
Maximum capacity of the lower-level rainwater tank (L) 50,000
Interval between capacities (L) 1000
Difference between potentials for potable water savings 1
: ) 3
through rainwater usage (%/m-)
Table 5. Results obtained from the computer simulations.
Item First Scenario Second Scenario Third Scenario
Ideal lower-level rainwater tank capacity (L) 25,000 22,000 25,000
Potential for potable water savings for the ideal 55.4 474 546
tank capacity (%)
Potential for potable water savings considering a 55.4 50.0 546

lower-level tank capacity equal to 25,000 L (%)
Reliability considering a lower-level tank
capacity equal to 25,000 L (% of days in a year in 41.91 39.06 41.53
which the rainwater demand is fully met)

The results obtained for the three scenarios showed that even though the roof area
variation was significant, it did not greatly impact the ideal lower-level rainwater tank
capacity, the potential for potable water savings, or the reliability.

3.5. Financial Analysis

The cost of labour was obtained by consulting specialised companies in the region; it
was estimated as BRL 75,000 for the first scenario, BRL 18,000 for the second scenario, and
BRL 25,000 for the third scenario.

The costs of the rainwater harvesting systems for the three scenarios are shown in
Table 6. The cost of accessories refers to equipment such as gutters, piping connections,
float switches, solenoid valves, and other necessary items for the system.

Table 6. Costs for implementing the scenarios.

Cost (BRL)
Component
First Scenario Second Scenario Third Scenario
Upper-level rainwater tank 1799 1799 1799
Lower-level rainwater tank 7544.72 7544.72 7544.72
Labour costs 75,000.00 18,000.00 25,000.00
Piping 116,449.02 29,627.59 33,998.05
Accessories 112,084.86 22,013.36 50,456.06
Pumps (1 HP) 1659.80 1659.80 1659.80

Total 314,537.40 80,644.47 120,457.63
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For the financial analysis, the data shown in Table 7 were used as input data to Netuno.
The results for the financial analysis simulated using Netuno are shown in Table 8.

Table 7. Input data for the financial analysis.

Lower-level rainwater tank capacity (L) 25,000
Below 10 m3 per month-fixed 65.00
Water tariff tariff (BRIJ) ’
Above 10 m* per
month-variable tariffp(BRL /m?3) 10.7866
Sewage tariff (BRL) 0
Inflation (% per month) 0.37
Period of readjustment of the water and electricity tariffs 12
(months)
Period of analysis (years) 20
Minimum acceptable rate of return (% per month) 0.5
Cost of the lower-level rainwater tank (BRL) 7545
Cost of the upper-level rainwater tank (BRL) 1799
First scenario: 75,000.00
Cost of labour (BRL) Second scenario: 18,000.00
Third scenario: 25,000.00
First scenario: 116,449.00
Cost of piping (BRL) Second scenario: 29,628.00
Third scenario: 33,998.00
First scenario: 112,085.00
Cost of accessories (BRL) Second scenario: 22,013.00
Third scenario: 50,456.00
Power of the pump (HP) 1
Efficiency of the pump (%) 38.8
Flow rate of the pump (L/h) 6200
Starting time of the pump (s) 3
Cost of each pump (BRL) 829.90
Backup pump Yes
Electricity tariff (BRL/kWh) 0.36506
Taxes over the electricity tariff (%) 25
Table 8. Results of the financial analysis.
Indicator First Scenario Second Scenario Third Scenario
Net present value (BRL) —155,247.12 61,207.27 33,740.93
Discounted payback period (months) - 127 181
Internal rate of return (% /month) —0.05 1.07 0.73

In analysing the results, we noticed that the first scenario did not present economic
feasibility. This happened because the installation of gutters and pipes was considered in
all roofs in this scenario. Thus, the initial costs were much higher than the costs for the two
other scenarios. On the other hand, the potential for potable water savings was not much
higher than the two other scenarios. The second and third scenarios were economically
feasible. Even though the second scenario presented the lowest payback, it was the scenario
that presented the lowest potential for potable water savings.

3.6. Rainwater Quality

The possibility of using rainwater for the production and cutting concrete pieces and
cleaning lanes was considered. In order to consider the use of rainwater to manufacture
concrete as viable, we needed to perform some analyses in samples of rainwater collected
in situ. The objective of such analyses was to evaluate whether the rainwater was adequate
for manufacturing concrete and did not affect its strength or durability.
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Tests were performed for four samples of rainwater collected at the same place but on
different days. The first collection was performed for two samples with no first flush dis-
posal; meanwhile, the second collection was performed for two other samples considering
a first flush disposal equal to 2 mm.

The results obtained from the preliminary tests are shown in Table 9. Average results
are shown for the quantity analysis. The rainwater from the second collection was approved
in all the requirements established in NBR 15900 [12]. However, the first collection did not
meet the criteria on the presence of organic matter, even though it was approved according
to the other preliminary analysis criteria. If a sample is not approved in these criteria,
it does not mean that such rainwater cannot be used for manufacturing concrete. Such
rainwater can still be used, as long as it is approved in the concrete setting time test and
the concrete strength test.

Table 9. Results from the preliminary tests.

Test

Requirement First Rainwater Collection Second Rainwater Collection

Qils and fats

No more than visible traces
Any visible foam must disappear in

Qils and fats were not found
No foam was observed after 2 min of

Qils and fats were not found
No foam was observed after 2 min of

Detergents 2 min rest rest
Colour Light yellow to colourless Colourless Colourless
Solid material .
(mg/L) Maximum of 50,000 mg/L 52 56
Thf we:ter mustt}‘tl) e;dourlessl aﬁ% Odourless and did not present Odourless and did not present
Odour fust ot present ydrogen suiphide hydrogen sulphide odour after the hydrogen sulphide odour after the
odour after the addition of " L 2 S
hvdrochloric acid addition of hydrochloric acid addition of hydrochloric acid
ydrochloric act
Acids (pH) >5 6.44 6.23
Oreanic matter The colour of the water must be equal
8 (mg/L) or brighter than the standard solution 8.18 0
mg after the addition of NaOH
The results of the concrete setting time and concrete strength tests are shown in
Table 10, and the limits for acceptance of the concrete setting time and concrete strength
tests are shown in Table 11.
Table 10. Results of the concrete setting time and concrete strength tests.
L. First Rainwater Second Rainwater Artesian Well
Sample Distilled Water Collection Collection Water

Start of setting (h) 4:00 4:20 4:10 -

End of setting (h) 5:30 5:40 5:40 -
Strength of CPI at 7 days (MPa) 47.23 44.15 50.93 41.51
Strength of CPII at 7 days (MPa) 46.93 47.75 50.51 40.86

Average strength at 7 days (MPa) 47.08 45.95 50.72 41.18
Strength CPI at 28 days (MPa) 57.82 57.80 58.64 51.31
Strength CPII at 28 days (MPa) 57.16 60.06 58.53 54.66

Average strength at 28 days (MPa) 57.49 59.20 58.58 52.98

Table 11. Limits for acceptance of the rainwater being tested.
Criteria Minimum Limit Maximum Limit
Start of setting (maximum difference of 25% from the distilled water) (h) 3:00 5:00
End of setting (maximum difference of 25% from the distilled water) (h) 4:08 6:52
Start of setting of CP IV 32 cement NBR 5739 [24] (h) 1:00 -
Limits for end of setting of CP IV 32 cement NBR 5739 [24] (h) - 12:00
Concrete strength at 7 days (90% of the distilled water strength) (MPa) 42.37 -

Concrete strength at 28 days (90% of the distilled water strength) (MPa) 51.74 -
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The limits for acceptance were calculated on the basis of the results for concrete
manufactured using distilled water. The standard NBR 15900 [12] defines that concrete
samples can be approved if the beginning and end of setting times present a maximum
variation of 25% when compared to concrete produced using distilled water. As for the
strength of the concrete specimens, the Brazilian standard defines that they must present
a minimum strength of 90% of the strength of the concrete specimens produced using
distilled water. By analysing the results, we were able to conclude that both rainwater
samples were approved in the concrete setting time and concrete strength criteria, since
the results meet the limits shown in Table 11. The water collected from the artesian well,
which is used in the factory, has its potability assured by tests performed periodically.
The standard NBR 15900 [12] considers that if the water potability is assured, it can be
considered adequate for manufacturing concrete without the need for further testing. Thus,
even though the concrete manufactured using water from the artesian well did not achieve
90% of the concrete strength of the concrete with distilled water, the water collected from
the well can still be considered adequate for manufacturing concrete according to NBR
15900 [12].

The results of the chloride tests are shown in Table 12, and the results of the sulphate
tests are shown in Table 13. Two samples from the first rainwater collection were tested,
representing the rainwater with no first flush disposal. In order to test the chloride and
sulphate levels in the second rainwater collection, which considered a 2 mm first flush
disposal, we tested two other samples.

Table 12. Results of the levels of chloride.

Source

Level of Chloride in Sample  Level of Chloride in Sample Average Level of Chloride

1 (mg/L) 2 (mg/L) (mg/L)
First rainwater collection 0 0 0
Second rainwater collection 2.5 2.0 2.25

Table 13. Results of the level of sulphate.

Level of Sulphate in Sample  Level of Sulphate in Sample Average Level of Sulphate

Source 1 (mg/L) 2 (mg/L) (mg/L)
First rainwater collection 2.65 2.25 2.45
Second rainwater collection 2.43 2.55 2.49

The standard NBR 15900 [12] establishes limits for the presence of chloride in the
tested water according to the use intended for the concrete. The possible uses for concrete
are precast concrete or grout, reinforced concrete, and standard concrete. The factory
manufactures precast concrete and reinforced concrete elements. Since the maximum
chloride level for precast concrete is lower (stricter), the maximum chloride limit adopted
was the one defined for this concrete category, which is 500 mg/L. As for the chloride
levels, the rainwater from both the first and the second collection was approved.

The maximum level for acceptance of the tested rainwater for the presence of sulphate
established in NBR 15900 [12] is 2000 mg/L. Since the level of sulphate in the rainwater
samples from the two collections was lower than the acceptable limit, both samples were
approved in this criterion.

4. Conclusions

This paper investigated if rainwater could be used to manufacture precast concrete in a
factory located in southern Brazil. The potential for potable water savings due to rainwater
use as well as the economic feasibility analysis and the rainwater quality were assessed.

The budgets for the installation of the rainwater harvesting systems were estimated,
and the economic feasibility of three scenarios was evaluated. The first scenario did not
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present economic feasibility; meanwhile, the payback period for the second scenario was
127 months, and for the third scenario it was 181 months (internal rates of return were 1.07
and 0.73% per month, respectively). For the economically feasible scenarios, the potential
for potable water savings would range from 50.2% to 54.6%.

The quality of the rainwater was also assessed through tests using rainwater samples
collected from the roof of the factory. The samples met the requirements established
by Brazilian standards. Thus, the rainwater collected was considered appropriate for
manufacturing concrete and for cutting elements and cleaning lanes in the factory studied
herein. However, we acknowledge that the rainwater quality should be assessed over a
whole year.

In addition to being economically feasible, rainwater harvesting systems can promote
the sustainable use of water and also contribute to increasing the impression of clients
about the company. Companies which adopt sustainable strategies, such as the use of
rainwater, have more visibility and show their clients that the company is concerned with
reducing the impact on the environment.
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