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Abstract. Rainwater harvesting systems (RHS) are a relevant alternative of water supply in urban areas with
increasing water demand and limited water availability. But these systems depend on several parameters that
present uncertainties as well-characterized uncertainties whose probability functions are known and deep uncer-
tainty factors that doesn’t have analytical representation of their variability. This study evaluates the influence of
water demand, tariff and discount rate (deep uncertain factors) on the feasibility of RHS for different scenarios
of uncertainties. The systems were evaluated using the following performance criteria: Satisfied Demand, Relia-
bility, Percentage of Rainwater Harvesting, Net Present Value, Net Present Value Volume and Benefit Cost Rate.
We simulated the RHS performance for sixteen system configurations, comprised of eight categories of residen-
tial buildings according to representative water consumption (ranging from 4.748 to 44.673 m> per month) and
two typical catchment areas for each of the eight groups of demands (ranging from 60 to 400 m?) in the city of
Rio Verde located in the central of Brazil. Each system was evaluated under the context of 1000 States of the
World (SOWs) defined using the Latin Hypercube Sampling (LHS) method (in the case of the deep uncertainty
factors) and bootstrapping resampling (for precipitation). Results showed slight difference on performance cri-
teria among precipitation scenarios, maybe due to the fact that the synthetic rainfall series preserved the pattern
and the total rainfall volume among the series which is reasonable for the location. However, the water tariff
and discount rate showed a significant influence in the performance criteria confirming the relevance of deep
uncertainty factors in the evaluation of RHS performances.

Keywords. Water conservation; rainwater harvesting; deep uncer-
tainties; UPH 21; SDG 6

potable or even potable uses in communities where there is
limited water supply service. The system requires a collect
surface area (roof or floor), a storage tank and a water quality
control according to the final use of the collected rainwater.
Due to the increase in the water demand associated to limited
water availability, this technique has been rescued in some

1 Introduction

Climate, social and economic uncertainties pose greater chal-
lenges to water resources security in urban areas that already
face limited water supply and urban sprawl and increasing
water demand (AWWA, 2019). The universal access to water
requires public policies adapted to local reality, in addition to
supply management and water conservation practices such as
Rainwater Harvesting Systems (RHS).

RHS consist of an ancient water supply technique in which
rainfall is captured in the household, stored and used in non-

communities.

RHS have potential to save from 20 % to more than 50 %
of the amount of water needed to supply household demands
(Ghisi and Ferreira, 2007; Ennenbach et al., 2017; Caceres
et al., 2019; Custédio and Ghisi, 2019; Hofman-Caris et
al., 2019). However, these benefits are variable with rainfall
regime, local economic aspects and the RHS features. In or-
der to get the best performance of a RHS one should con-
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sider on site feature demands and climate variability, as well
as other uncertainties that could influence the performance of
the system. The variability of the local precipitation regime
has been proved to impact the performance of RHS espe-
cially due to climate change (Youn et al., 2012; Lash et al.,
2014; Haque et al., 2016).

The variability in the rainfall regime is usually referred
as well characterized uncertainties. However, there are other
parameters that might have some impact in the performance
of RHS and do not have their variability represented by any
analytical expression. These parameters are defined in the lit-
erature as deep uncertainty factors (Knight, 1921; Kwakkel
et al. 2016). There is no consensus of a conceptual model that
portrays the long-term future of these factors, the probability
distribution that describes a variable over time and how to
evaluate the results and the importance of each one (Lempert
et al., 2003).

In rainwater harvesting systems, water demand, tariff, dis-
count rate and rate of increase in operation and maintenance
costs may be considered as deep uncertainty factors (DU fac-
tors). The impact of deep uncertainty factors on system via-
bility must be evaluated as soon as their inclusion in the as-
sessment of management strategies reduces proposed mea-
sures vulnerabilities (Lempert, 2002; Trindade et al., 2019).

A recent National Water and Sanitation Law included the
rainwater harvesting system as an important alternative to
improve the access to clean and safe water in the country
(Brazil, 2020). This study evaluates the influence of deep un-
certainties factors on rainwater harvesting systems feasibil-
ity in the Rio Verde city in Central West region of Brazil.
This city has socio and economic characteristics that repre-
sent most of the Brazilian medium size cities. Additionally,
most of the households buildings and parcels have space to
incorporate a RHS.

2 Method

The influence of DU factors and precipitation variability on
RHS performance were evaluated in the context of different
States of the World (SOWs). 1000 scenarios of rainfall were
created and associated with 1000 set of deep uncertainty
factors generated using Latin Hypercube Sampling (LHS)
method. Table 1 presents the lower and upper limits for each
DU factor defined based on the variability of historical values
of these parameters.

30-years daily rainfall series were generated through boot-
strapping resampling from the 24-years observed daily rain-
fall serie. The hydrologic year in the simulation started in
October, at the beginning of the wet season and in order to
avoid the discontinuity between December and January in
different years and to preserve event order in the bootstrap.

In addition, eight demand values were adopted corre-
sponding to the consumption ranges of the normal residential
category defined by the Water Utility. For each water demand
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level, we defined two sizes of typical catchment areas, ac-
cording to the characteristics of the most frequent buildings
in the city and the water consumption in residences. Each
of the 16 RHS were evaluated for all 1000 SOWs of precip-
itation associated to 1000 vectors of DU factors, totalizing
16 000 scenarios.

2.1 The computational experiment

The methodology included four major steps: (1) the selection
of the storage reservoir capacity; (2) the definition of the state
of the world scenarios; (3) the economic evaluation of the
RHS performance; (4) the computation of the selected RHS
performance criteria. The steps were performed for each of
the 16 000 scenarios.

The size of the reservoir in the RHS was computed accord-
ing to a mass balance simulation, indicated in Egs. (1) and
(2), using the YAS method (Yield After Spillage — 6 =0).
Three system performance metrics were computed for each
selected storage volume, according to Egs. (3), (4) and (5).
The indicator Satisfied Demand (SD) corresponds to the per-
centage of overall demand met by the RHS, the Reliability
(REL) refers to the number of days that the demand is fully
met and the Rainwater Harvested (RH) is the percentage of
rainwater volume that is actually consumed in the household.

[ b
Ve, = mln{ 0 - Vac, + Vro_ (1)
. Vac; + Vr,—1 — V¢
Vr; = min { Vrinf, — (1 — 0) - V¢, )
T V¢
SD = — 3
Zt:l Dt ( )
T
REL _ th]t(seVC, = D[) (4)
T
T
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RH = —Z;—l o 5)
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Vc: consumed volume in the day (m3), Vr: volume of wa-
ter in the reservoir in the day (m?), Vac: volume available
for capture in the day (m®), D: daily demand in the day
(m3), Vrinf: inferior reservoir volume, #: moment of water
use (0 <6 < 1) in this study 8 =0, SD: satisfied demand (%),
REL.: reliability (%), RH: rainwater harvested (%), ¢: day, T':
simulation time (days).

In a second stage, the reservoirs economic evaluation in
the considered SOWs was carried out, the systems cash flow
and the economic indicators were calculated: Benefit Cost
Rate (BCR), Net Present Value (NPV) and Net Present Value
Per Volume Consumed (NPVV), as Egs. (6), (7) and (8).

Yol T2
BCR = m=1 (1+(i-tvd)) (6)

Inv
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Table 1. DU factors and their range of variability.

Deep uncertainty factors

Inferior limit ~ Superior limit

Increase on operation and maintenance costs 1.03 1.2
Discount rate 0.7 1.60
Water and sewage tariff for the residential category 1.00 1.25

T Fc,,
NPV = —— 1 7
Zm:l A+G ~tVd))m v O
NPV
NPVV = ———— 8)
ZIZIVC,

Fct: cash flow (USD), i: monthly discount rate (% per
month), tvd: discount rate variation rate (%), m: month, Inv:
initial investment (USD), BCR: Benefit-cost Rate, NPV: Net
Present Value, NPVV: Net present value per volume con-
sumed.

Finally, the model determined the indicators for the se-
lected storage reservoir volume (reservoirs volumes that pre-
sented the highest NPV value). A set of minimum perfor-
mance criteria was defined and the number of scenarios that
satisfied this condition was computed.

2.2 Data considered in the analysis

The study was carried out for the municipality of Rio Verde.
The 24-year historical series of rainfall data (starting in 1 Oc-
tober 1996) were taken from the National Institute of Mete-
orology (INMET).

Table 2 shows the sixteen configurations of households ac-
cording to monthly demand and typical catchment area of
the buildings defined in this study. Each household ID repre-
sents a water demand level associated to a size of roof area.
We considered two typical catchment areas according to a
visual search (using Geographic Information Systems) in re-
mote sensing maps of the Rio Verde city. These demand val-
ues were established from the average monthly consumption
values for each of the eight consumption ranges of typical
household according to data from the water utility. Once the
RHS supply water for non-potable demand, the RHS demand
for each household was assumed to be 53 % of the average
monthly demand according to the study of Sant’Ana (2011)
for a city with similar climate.

The economic evaluation of the RHS was based on the
December 2020 values of the National System for Research
on Civil Construction Costs and Indexes (SINAPI) and the
cost of 18 storage tanks volumes commercially available,
pump, upper reservoir, filter and accessories. The analysis for
the operation and maintenance costs included recommenda-
tions from the Brazilian Technical Regulations NBR 15527
(ABNT, 2019).
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Table 2. Setting of typical households in terms of monthly water
demand and roof (catchment) areas.

Household Water demand  Catchment
ID per household  area (m2)
(rn3 per month)
1 and 2 5484 60 and 100
3and 4 12949 60 and 100
5and 6 17808 100 and 200
7 and 8 22759 150 and 200
9 and 10 27806 200 and 300
11 and 12 34431 300 and 350
13 and 14 44668 350 and 400
15 and 16 67860 350 and 400
2000
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Figure 1. Number of scenarios that met the criteria by household
ID.

We considered the local water utility (Saneago) 2021
tariff structure in the revenues computation. The com-
pany also charges a fixed minimum cost of USD 2.45
(USD 1 =BRL5.55) and a tariff of sewage, corresponding
to 100 % of the water tariff.

The discount rate was based on the SELIC (basic inter-
est rate of the Brazil economy) for November 2021, 7.65 %
per year (0.6162 % per month) (Central Bank, 2021). For the
RHS tanks sizing a surface runoff rate of 0.8 was adopted
and an initial discharge of 2 mm.

3 Results Analysis and Discussion

The performance criteria for the different scenarios and
the number of scenarios that meet the defined performance
criteria (NPV >0, NPVV>0, BCR>0%, SD>50%,
REL > 50 % and RH > 30 %) was evaluated as indicated in
Fig. 2. The lines indicate each scenario and connect the val-
ues of the performance criteria (that have different units) al-
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Figure 2. Comparative analysis of systems performance indicating the tank volume and the criteria found for the 16000 scenarios, the
scenarios that met the criteria and its direction of preference.
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Figure 3. Sensitive analysis of deep uncertainty factors.
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lowing the performance comparison among scenarios. The
direction of preference indicates the direction of the goal ex-
pected for each performance criteria. From the 16000 sce-
narios, 8.001 met the criteria. It is observed that the SD and
REL values are similar for most of the scenarios.

To assess how the results vary for different consump-
tion ranges, the number of scenarios that meet the criteria
for different consumption ranges were observed as indicated
in Fig. 1. For households with lower demand, the number
of scenarios that meet the criteria is reduced. There is a
tendency for scenarios with lower demand for rainwater to
present higher values of SD and REL. However, the eco-
nomic indicators and the RH are lower in scenarios of higher
demand values. This fact demonstrates that buildings with
higher demands tends to present lower technical indicators
(SD, REL) and higher economic indicators (NPV, NPVV)
under the context of climate and deep uncertainties.

In Fig. 3 is illustrated the variation in the adopted tanks,
NPV and SD with deep uncertainty factors for four of the
eight categories of demands. The highest NPV values occur
for the lowest discount rate and the highest water tariff. As
already noted, the highest values of NPV occur for the lowest
values of SD, including a reduction in the maximum values
of this indicator as demand increases. It is also noted that
larger storage volumes are associated with lower SD values.
For households 5, 6, 9, 10, 13 and 14, there were only sce-
narios with high SD values for low water tariff, discount rate
and high values of operational costs.

The variability of NPV and SD was evaluated for the dif-
ferent rainfall series and there is no clear influence of the pre-
cipitation regime in NPV and SD once the analysis considers
the same location and the method to generate the precipita-
tion series do not capture future variability.

4 Conclusions

This work evaluated the performance of different RHS con-
figuration for the town of Rio Verde under the context of
uncertainties related to climate and deep uncertainties. Six-
teen categories of household were defined according to water
demand and catchment area to capture rainwater. The RHS
were considered to supply non-potable water uses. Initial re-
sults indicate the influence of deep uncertainties such as the
water tariff and the discount rate, while the influence of op-
erating costs was not noticed. The highest values of NPV
occurred for the lowest values of discount rate and for the
highest water tariffs.

The impact of these two parameters was more relevant
than the impact of demand, catchment area and the rainfall
regime, proving the importance of incorporating deep uncer-
tainties in the evaluation of RHS.

Considering the performance criteria defined in the
methodology, more than half of the 16 000 scenarios for the
RHS in Rio Verde city were favourable. It is noteworthy that

https://doi.org/10.5194/piahs-385-11-2024

50 % of service and reliability is compatible with RHS since
the buildings have another source of water supply. The RHS
functions as an alternative of water supply in these places, es-
pecially for non-potable uses. In any case, it is necessary to
evaluate uncertainties impacts in sites with significantly dif-
ferent rainfall regimes, tariff structures and demand patterns.

Code availability. The code is available at GitHub: https://github.
com/gabrielacrpacheco/Rainwater-harvesting-feasibility (last ac-
cess: 25 January 2023; https://doi.org/10.5281/zenodo.7566355,
Pacheco and Alves, 2023).
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