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Evaluation of the optimal size of a rainwater harvesting
system in Sicily
Vincenza Notaro, Lorena Liuzzo and Gabriele Freni

ABSTRACT
In the Mediterranean area, water scarcity represents a critical issue due to the increasing water
demand related to the population growth and the expansion of urban and industrialized areas.
Rainwater harvesting (RWH) may be an effective alternative water supply solution to deal with water
scarcity in order to reduce non-potable water needs. The reliability of RWH systems is greatly
affected by the intensity and the temporal distribution of rainfall events. The purpose of the present
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study was to identify the optimal tank capacity, in terms of water saving efﬁciency, of a RWH system
installed to supply water for toilet ﬂushing, garden irrigation and both uses with reference to a singlefamily house in a residential area of Sicily (southern Italy). A water balance simulation of the
rainwater storage tank was performed to deﬁne the tank release rule. The optimal capacity of the
RWH tank was evaluated considering three different catchment surfaces, namely 100, 200 and
300 m2. Results showed that, in some areas of the region, the system could be able to provide
signiﬁcant water savings, even with the installation of collecting tanks of less than 10 m3, thus
ensuring important environmental and economic beneﬁts to the householders.
Key words
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INTRODUCTION
Many urban areas of the Mediterranean region are affected

only in arid areas (Yuen et al. ) but also in densely

by scarcity of water resources for domestic use and by the

populated metropolitan urban areas (Deng et al. ;

consequences of the intermittent water supply (De Marchis

Schmitter et al. ).

et al. , ; Fontanazza et al. ). Moreover, the

For a long time, the collection and the use of rainwater

expansion of urban and industrialized areas will increase

for domestic use has been a very common practice in many

the pressure on the available water resources. In the

developing countries. Recently, the practice of rainwater

future, climate change will probably intensify this pressure

harvesting (RWH) has seen a gradual diffusion in rural

in some parts of the world, including the Mediterranean

areas affected by water scarcity (Abdulla & Al-Shareef

basin, western United States and southern Africa, produ-

; Kahinda et al. ) and in many urban areas (Liaw

cing a further decrease in water resources in the coming

& Tsai ; Farreny et al. ) due to its environmental

decades (Giorgi & Lionello ; Hagemann et al. ).

and economic beneﬁts. Several studies have explored the

In this context, the development of systems and adaptation

implementation of RWH systems in response to the increas-

measures aimed at the exploitation of alternative water

ing water demand in Africa (Kahinda et al. ; Pachpute

resources has become a critical issue. In particular, the

et al. ), Asia (Abdulla & Al-Shareef ; Jung et al.

reuse of rainwater is a solution of wide application not

), Australia (Zhang et al. ; Wang & Blackmore
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Many factors affect the performance of a RWH system.
In particular the quantity and quality of collected rainwater

Commonly, RWH systems include three principal com-

depends on geographic location, local climate character-

ponents: the catchment area, the collection device and the

istics, presence of anthropic activities in the area and

conveyance system. The catchment area usually consists of

storage tank volume. Thus, the storage capacity of the

rooftops, courtyards or other compacted or treated surfaces.

collecting tank cannot be standardized, but is highly inﬂu-

Once rainwater has been intercepted, it can be ﬁltered or

enced not only by the above-mentioned factors, but also by

subjected to other simple treatments (such as chlorination),

the characteristics of the catchment surface and the

then collected in storage tanks to be used. The advantages of

number of householders. Nevertheless an optimal size can

RWH systems are numerous:

be identiﬁed on the basis of the system reliability or econ-

•

omic criteria (Liaw & Tsai ). Fewkes () carried

depending on the site where they are installed, the rainfall pattern, the used technologies etc., they could
require relatively inexpensive technologies that are easy
to install and maintain; indeed, RWH systems can be
expanded, reconﬁgured or relocated according to the

•
•

householders’ needs (Worm & van Hattum );
RWH has signiﬁcant economic beneﬁts, reducing the
amount of water purchased from public systems (Matos
et al. );
the availability of an alternative water supply reduces
pressure on aquifers and surface waters, providing important environmental beneﬁts (Farreny et al. ).

out some analysis on residential rainwater tanks in the
UK, producing a series of dimensionless design curves
which allows the estimation of the rainwater tank size
required to obtain a desired performance given the roof
area and water demand patterns. Khastagir & Jayasuriya
() deﬁned a relationship for optimal sizing of rainwater
tanks considering the annual rainfall, the water demand, the
catchment area and the desired supply reliability valid for
the area of Melbourne (Australia). More recently, Notaro
et al. () provided maps for the identiﬁcation of the optimal size of a RWH system in Sicily (southern Italy) when
the rainwater is intended for toilet ﬂushing use.

Therefore, the integration of RWH systems into residen-

In the present study, the reliability of a RWH system for

tial buildings is an effective way to minimize the use of

a single-family house in a residential area with four inhabi-

treated water for non-potable tasks and supply drinking

tants has been assessed, considering three different uses of

water in places where water is scarce. However, the per-

rainwater: toilet ﬂushing, garden irrigation and these two

formance of RWH systems is highly affected by the spatial

concurrent uses. The system performance has been tested

and temporal distribution of the rainfall in the area of

for different catchment surfaces, tank sizes and mean

interest. For this reason, RWH by itself is not able to

annual precipitation using data from over 100 different

supply water for all domestic uses and make the house-

sites in Sicily. In order to deﬁne a temporal pattern for ﬂush-

holders independent from the conventional water supply

ing water demand, water consumption data from single-

system. Thus, in order to achieve water self-sufﬁciency, mul-

family houses in Palermo (a coastal city in the northwestern

tiple technologies are needed (Willuweit & O’Sullivan ).

part

Nevertheless, the collection and use of rainwater through

(Fontanazza et al. ). Water demand for garden irrigation

RWH systems can provide a considerable amount of water

has been estimated based on mean monthly evapotranspira-

and, consequently, signiﬁcant economic savings to house-

tion rates. The application of the Yield-After-Spillage (YAS)

holders. Due to its characteristics, the collected rainwater

algorithm (Jenkins et al. ; Schiller & Latham )

of Sicily)

have been recorded

and

processed

can be utilized for different non-potable uses, such as toilet

allowed the evaluation of the system efﬁciency in each site

ﬂushing, washing machine use and garden irrigation (or

of the region. Simulations have been performed at daily

any other use that does not require high-quality water).

scale using data from 2002 to 2004. Once the system

Some studies pointed out the beneﬁts of using harvested

reliability has been assessed, the tank capacities related to

rainwater for toilet ﬂushing (Jones et al. ; Zhang et al.

three thresholds of reliability (75, 85 and 95%) are deter-

).

mined. Due to the spatial pattern of rainfall, results show a
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high degree of variability. For this reason, the spatial distri-

different catchment areas have been investigated: 100, 200

butions of the obtained tank sizes have been reported in

and 300 m2. Figure 1(b) shows the analyzed RWH system,

some maps, useful for practical applications.

in which rainfall (inﬂow) is collected from the catchment
surface and stored in a rainwater tank for toilet ﬂushing
and garden irrigation uses (outﬂow).
For this analysis, rainfall data have been provided by the

CASE OF STUDY AND DATASET

Osservatorio delle Acque della Regione Sicilia (Water ObserIn the present study rainfall volumes were calculated using

vatory of Sicily). The 2002–2004 period has been chosen

the daily rainfall series recorded from 111 rain gauges over

because a large number of homogeneously distributed rain

the 2002–2004 period in Sicily, one of the 20 administrative

gauges worked continuously during this period. Moreover,

regions in Italy. Sicily is an island of approximately

these historical rainfall series are representative of the

25,700 km located in southern Italy and characterized by

regional climate both in terms of annual and monthly

a Mediterranean climate (mild winters and hot, generally

mean values. Indeed, the characteristics of the data

dry summers). The total annual rainfall in this region

recorded during the 2002–2004 period have been compared

ranges

to

with those of a longer series (1981–2012). The mean annual

The water catchment surfaces of the model home

2004 periods, respectively. Table 1 summarizes the total

include the home’s rooftop and the courtyard. Three

mean monthly rainfall, the mean daily rainfall and the

2

from

400 mm/year

at

lower

elevations

rainfall was 724 and 778 mm in the 1981–2012 and 2002–

1,300 mm/year at higher elevations (Figure 1(a)).

Figure 1

Table 1

|

|

(a) Spatial distribution of mean annual rainfall for the 1981–2012 period and rain gauges location; (b) scheme of the analyzed RWH system.

Rainfall characteristics with regard to the 1981–2012 period and 2002–2004 periods

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mean monthly rainfall [mm/year]

1981–2012
2002–2004

82.8
95.8

67.2
76.6

60.5
67.8

69.4
56.0

32.0
26.8

20.5
12.5

14.3
7.5

16.9
15.8

77.1
59.6

72.7
82.3

121.9
90.4

143.5
131.9

Mean daily rainfall [mm/day]

1981–2012
2002–2004

7.9
6.3

7.3
4.9

7.0
5.3

6.4
7.3

5.6
4.6

5.0
5.9

5.4
6.3

7.1
6.5

8.4
7.2

9.6
8.4

9.0
9.6

8.2
10.3

Mean number of rainy days

1981–2012
2002–2004

13
14

11
10

10
10

9
11

6
7

3
4

2
2

3
3

6
10

9
9

11
13

14
16

Downloaded from http://iwaponline.com/jh/article-pdf/19/6/853/658954/jh0190853.pdf
by guest

856

V. Notaro et al.

|

Evaluation of the optimal size of a rainwater harvesting system in Sicily

Journal of Hydroinformatics

|

19.6

|

2017

mean number of rainy days for each month with regard to

monitoring programme had the following characteristics:

the 1981–2012 and 2002–2004 periods.

families with at least two members with age ranging from

For the estimation of garden irrigation demand, histori-

4 to 70 years, negligible outdoor consumption and interest

cal temperature data for the 1981–2012 period have been

in participating. Each monitored dwelling was equipped

used, provided by Osservatorio delle Acque della Regione

with a toilet WC ﬂush tank of 9–10 L (the usual volume

Sicilia.

for a WC ﬂush tank) and a bowl ﬁlling time ranging between
0.95 and 1 minute.
A monitoring apparatus, involving a Class C multi-jet

METHODS

water metre and a data logger, was installed on the service
line of each of the seven dwellings downstream of the rev-

Inﬂow to the RWH tank

enue water metre to monitor domestic water use. The two
devices were coupled by means of an impulse sensor. When-

The modelled rainwater tank is ﬁlled exclusively using rain-

ever the cumulative volume consumed reached 0.5 L, the

fall volumes collected from a building’s rooftop, courtyard

sensor transmitted a signal to the data logger. A common

and pedestrian areas. Under the hypothesis of constant rain-

faucet is characterized by ﬂows in the range 6–12 L/min,

fall within each time step t, the rainwater volume can be

and the metre was able to disclose consumption pulses

evaluated using the following expression:

longer than or equal to 5 seconds (in the worst case) or
equal to 2.5 seconds (in the best case), allowing to separate

Wt ¼ φ  ATOT  Rt ¼ A  Rt

(1)

out toilet ﬂushing data from other uses. In any case, if small
pulses were not identiﬁable, their volume was aggregated

where Wt is the inﬂow volume supplied to the tank at time

into the next consumption pulse.

step t (m3), φ is the runoff coefﬁcient depending on water

Once the data were acquired, the number of daily ﬂush-

loss (dimensionless), Rt is the rainfall at time t (m), ATOT

ing was evaluated for each dwelling and monitoring day

is the total catchment surface area (m2), and A is the effec-

according to the procedure proposed by Campisano &

2

tive impervious surface area (m ). In the analysed RWH

Modica (). Namely, the water consumption data were ﬁl-

layout, the tank is installed underground, thus the evapor-

tered to identify data points where use ranged from 9 to 10 L

ation losses from the tank can be neglected. In this

over a period of 1 minute. Knowing the ﬁlling time of the

analysis, φ was set equal to 0.9 (Wisner & P’ng ).

WC ﬂush tank was important to exclude consumption
data with the same volume but linked to other uses. In the

Water demand for toilet ﬂushing

absence of more speciﬁc information, the number of daily
ﬂushes per capita was then calculated for all monitored

The evaluation of the average number of daily ﬂushes per

days as the number of ﬂushes per day divided by the average

capita could be considered satisfactory to accurately model

number of users present, or the number of family members

daily water demand for toilet ﬂushing; nevertheless, these

in each monitored household. Table 2 displays the average

observations may not be universally applicable to all RWH

number of daily ﬂushes per capita for each monitored dwell-

systems. Thus, a precise modelling of water demand patterns

ing and the related root mean square error (RMSE). Results

for toilet ﬂushing is required.

are similar to those reported in previous studies in literature

In this study, the toilet ﬂushing demand pattern was

concerning single-family houses, for which the authors

determined by analyzing water consumption data collected

found that the mean number of ﬂushes per person and per

during a monitoring campaign of seven dwellings located

day ranged between 5 and 7 (e.g. Campisano & Modica

in Palermo throughout the 2002–2004 period (Fontanazza

; Lizárraga-Mendiola et al. ). Lastly, the number of

et al. ). The monitoring period was long enough to ident-

daily ﬂushes per capita were statistically analyzed to identify

ify weekly, monthly and seasonal toilet ﬂushing patterns.

a well-ﬁtting probability distribution function. Several prob-

The customers that participated in the consumption

ability distribution functions were investigated, including the
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Results of statistical analysis carried out on water consumption data collected for seven dwellings located in Palermo and monitored during the 2002–2004 period

Dwelling

No. persons

Monitoring days

Average ﬂushings/
(day·capita)

RMSE

CDF

λ

κ

K-S test D0.05

1

3

334

5.73

2.925

Weibull

6.66

2.234

0.071

2

4

359

5.77

2.951

Weibull

6.57

2.094

0.068

3

2

317

4.79

2.978

Weibull

5.77

1.912

0.060

4

3

237

4.62

2.974

Weibull

5.34

1.654

0.065

5

2

212

6.46

2.883

Weibull

7.31

2.410

0.077

6

4

637

5.12

2.798

Weibull

5.90

2.020

0.022

7

3

320

4.75

2.980

Weibull

5.35

1.674

0.059

Normal, Poisson, Weibull, Exponential, etc., ﬁnding that the

balance of the RWH system would have required precipi-

Weibull distribution function ﬁt the observed data best. The

tation data at a sub-daily scale that are not available for all

Kolmogorov–Smirnov statistical test (conﬁdence level equal

the rain gauges considered in this study. Moreover, this

to 0.05) conﬁrmed this result. Table 2 also shows data for the

study focused on the performance of the RWH system in

two parameters λ and κ of the related Weibull distribution

terms of average annual water saving efﬁciency.

function and the results of the Kolmogorov–Smirnov test
for each dwelling.

Water demand for garden irrigation

An analysis of the processed data revealed that dwelling
six was representative of all monitored dwellings, with an
average number of ﬂushes per capita per day equal to 5.12
and a minor RMSE value equal to 2.798. Thus, dwelling
six has been chosen in order to deﬁne the water demand pattern for toilet ﬂushing in Sicily.
To generalize the results to other similar users, 365
random points were sampled from the Weibull cumulative
distribution function ﬁtting the cumulated frequency of the
obtained per capita ﬂushes for dwelling six. Thereby, a
daily pattern of toilet ﬂushes per capita for an entire year
was deﬁned. The series of daily household toilet ﬂushes Fd
were obtained by multiplying the number of per capita
ﬂushes fd and the number of users at home during the day Nu:
Fd ¼ fd  Nu

The frequency of irrigation depends on many factors, such
as the type of grass to be irrigated, the soil properties and
the climatic conditions in the area of interest. In order to
deﬁne the water demand for garden irrigation, it was
assumed that the garden area (200 m2) of the modelled
single-family house was planted with turfgrass. Therefore,
the mean monthly reference evapotranspiration (RE) value
was evaluated for the area of study using the Thornthwaite
formula (Thornthwaite ). Water use for turfgrasses was
estimated using a correlation factor, the crop coefﬁcient
Kc, as follows:
AE ¼ RE  Kc

(3)

(2)

where AE is the actual evapotranspiration in mm/day. Turf-

Following the approach described by Campisano &

the percentage of plant cover, growth rate, root growth,

Modica (), a water demand for toilet ﬂushing at the

stage of plant development and management practices. In

sub-daily scale could have been evaluated, starting from

this analysis, Kc was set equal to 0.85 (Allen et al. ).

grass Kc values ﬂuctuate slightly during the season based on

the daily demand pattern. A sub-daily pattern of water

Optimum irrigation frequency depends on the geo-

demand for toilet ﬂushing would have allowed investigation

graphic location, the plant species, the soil type and the

of the implications of the peaks in water consumption for

climatic conditions. In this study, the frequency of irrigation

toilet ﬂushing on the performance of the RWH system.

was deﬁned based on practical considerations and previous

Nevertheless, in this case, the simulation of the water

literature (Jordan et al. ; Fu & Dernoeden ;
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model relies on a YAS operating rule (Jenkins et al. ):

for each month of garden irrigation with harvested rainwater

Month

RE (mm/day)

AE (mm/day)

Irrigation frequency

April

1.5

1.3

Every 3 days

May

2.4

2.0

Every 3 days

June

3.5

3.0

Alternate days

July

4.3

3.7

Alternate days

August

4.5

3.8

Alternate days

September

3.5

3.0

Every 3 days

Marchione ). The need for further speciﬁc information
to deﬁne the optimal irrigation frequency for turfgrass
required some assumptions to be made in this study.
Namely, it was assumed that the garden was planted with
Zoysia Japonica Compadre, a turfgrass more resistant to
warm climates than other species. It was also assumed
that the garden was only irrigated every 3 days during
April, May and September, and on alternate days from
June to August. The potential and actual daily evapotranspiration and the irrigation frequency for each month are
reported in Table 3.
Water balance simulation
The performance and design of RWH systems can been
investigated using different approaches, including water balance simulation analyses and mass curve analyses (Ghisi
et al. ), probabilistic methods (Guo & Baetz ) and

WDt


Vt1 þ Wt  S
¼ max
0


Yt ¼ min

Dt
Vt1


Vt1 þ Wt  Yt
Vt ¼ min
S  Yt

(4)

(5)

(6)

where WDt (m3) is the volume discharged as overﬂow from
the storage tank at time step t, Vt (m3) is the volume stored
at time step t, Yt (m3) is the yield of rainwater from the storage tank at time step t, Dt (m3) is the toilet and grass
irrigation water demand at time step t, and S (m3) is the
tank storage capacity.
Generally, the performance of RWH systems is
described in terms of reliability, expressed as the total
actual rainwater supply over water demand ET :
PT
Yt
ET ¼ PTt¼1  100
t¼1 Dt

(7)

where T is the total time period under consideration. ET represents the overall water savings that can be achieved by
harvesting and using rainwater.

economic optimization (Liaw & Tsai ). Simple mass
balance approaches based on annual precipitation volumes
are usually applied, even if these methodologies do not

RESULTS AND DISCUSSION

ensure an adequate level of accuracy in sizing RWH systems. Behavioural models are also commonly used

Evaluation of water saving efﬁciency at daily scale

because they allow a more detailed design and are relatively
simple to develop. Nevertheless, these models usually

The historical rainfall series recorded at 111 rain gauges

underestimate the need for storage tank capacity compared

during the 2002–2004 period have been used to investigate

with simple mass balance simulations (Ward et al. ).

the performance of an RWH system in Sicily. First of all, a

In a behavioural model, the changes in the storage con-

preliminary analysis has been carried out to examine the

tent of a ﬁnite reservoir are computed using the water

implication of the tank capacity S on the daily ET and to

balance equation. Water ﬂuxes consist of runoff into a

identify the S able to provide the most feasible value of the

tank (inﬂow), overﬂow from the tank and the yield extracted

average daily ET for each site in the region of interest. As

from the tank; demand is met in each operating period to

previously mentioned, three different extents of the surface

the extent that storage is available. The algorithm for the

of interception A (100, 200 and 300 m2) have been
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considered. Simulations were conducted on a daily scale, in

the RWH system in terms of ET is moderate and not econ-

order to take into account the effect of extreme rainfall of 24

omically advantageous for tank capacities greater than

hours duration and droughts on the system performance.

20 m3 for A equal to 200 and 300 m2 (Figure 2(b) and

For each value of the tank capacity in the range
3

2(c)). However, the increase of the catchment surface

1–30 m , the average daily value of ET related to the entire

clearly produces higher values of the maximum achievable-

analyzed period has been calculated. The box-whisker

ET . Speciﬁcally, a 20 m3 capacity allows ET values to be

graphs in Figure 2 summarized the obtained results. Focus-

obtained close to 100%, when a catchment surface area of

ing on the median line (50th percentile), the average daily

200 m2 is available.

reliability ET increases with tank capacity. For S in the
3

2

In the case of the use of rainwater for garden irrigation

range 1–30 m , ET varies from 38 to 72% for A ¼ 100 m ,

(Figure 2(d)–2(f)), the median curve shows how the efﬁ-

from 44 to 96% for A ¼ 200 m2 and from 46 to 99% for

ciency of the system depends on the installed tank

A ¼ 300 m2. Figure 2(a) shows that for A ¼ 100 m2, a tank

capacity. However, the achievement of high values of ET

capacity equal to 20 m3 is able to provide a water saving efﬁ-

requires capacity greater than 20 m3. For this use, the time

ciency of 70%. Further increases of S produce a slight

shift between water demand for irrigation (higher in the

improvement of ET , with an achievable maximum value

summer months), and the rainy volumes (less in summer)

equal to 72%. Likewise the performance improvement of

has considerable consequences on the RWH system

Figure 2

|

Box-whisker graphs of the daily water saving efﬁciency ET vs tank capacity S for different catchment surface A and different rainwater use.
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months. Even in this case, the availability of greater catchment surfaces improves the efﬁciency of the system. For S
3

For each rain gauge in Sicily, mean annual ET related to each

between 1 and 30 m , ET ranges between 28 and 82% for

value of S (ranging from 1 to 30 m3) have been evaluated.

A ¼ 100 m2, between 31 and 96% for A ¼ 200 m2 and

Subsequently, the tank capacities for which three different

2

between 33 and 99% for A ¼ 300 m .

thresholds of ET could be reached, speciﬁcally 75, 85 and

In the case of combined use of rainwater (Figure 2(g)–2(i))

95%, have been identiﬁed. Maps in Figure 3 show the spatial

it can be observed that, for a catchment surface A of 100 m2,

distribution of ET when rainwater is used for toilet ﬂushing.

on average, the system allows the achievement of ET values

For A ¼ 100 m2, the system is not able to provide a mean

up to 60%, even for tank capacities greater than 20 m3. The

annual ET equal to 75% in most of the region (Figure 3(a)).

increase of the catchment surface implies a slight improve-

In some northern coastal areas this threshold can be reached

ment of the system performance. In particular, for A ¼

with a capacity ranging from 2 to 8 m3, nevertheless in the

2

300 m , it is possible to obtain ET values higher than 80%.

remaining part of the island, higher capacities are required.

However, increases over 20 m3 do not produce large

The system provides mean annual ET equal to 85 and 95%

increases of ET and therefore they are not economically

only in a limited area in the northwestern part of the island

advantageous. For S between 1 and 30 m3, ET ranges

(Figure 3(b) and 3(c)). However, these thresholds can be

between 34 and 63% for A ¼ 100 m2, between 40 and 81%

reached with tank capacities up to 20 m3. For A ¼ 200 m2,

2

2

for A ¼ 200 m and between 42 and 87% for A ¼ 300 m .

Figure 3

|

a mean annual ET equal to 75% can be obtained in the

Optimal tank capacity (m3) for different ET threshold (%) and A (m2) for toilet ﬂushing use.
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Optimal tank capacity (m3) for different ET threshold (%) and A (m2) for garden irrigation use.

whole region by the installation of tank with capacities ranging

Journal of Hydroinformatics

from

1

to

15 m3

points out that the RWH system, for the considered

the

volumes, is not appropriate for the satisfaction of the

achievement of the remaining thresholds requires higher

water demand for irrigation. In the case of A ¼ 200 m2, the

volumes (Figure 3(e) and 3(f)). The system is able to provide

RWH system is able to provide a value of average annual

an ET equal to 95% in most of the island, even if the threshold

ET equal to 75% in the entire study area (Figure 4(d)), by

cannot be reached in a wide southern area and a western

requiring, in the northern part of the island, lower volumes

(Figure

3(d)),

whereas

2

zone (Figure 3(f)). Figure 3(g) shows that for A ¼ 300 m ,

if compared with the capacity required for the attainment of

the 75% threshold can be obtained in the whole area of

the threshold in the southern part. For ET equal to 85%, the

study, also using small tank capacities. Speciﬁcally, in the

system does not meet the water demand in a wide southern

northern part of the region, the RWH system can provide

area of the island, while in the remaining part tanks with

mean annual ET up to 85% by the installation of capacities

volumes ranging between 15 and 30 m3 are required. For

3

that range between 6 and 8 m . The 95% threshold can be

A ¼ 300 m2, ET reaches 75% across the region (Figure 4(g)),

obtained in the whole region, except for two small areas

with volumes ranging from 6 to 10 m3 in the northern part

located in the eastern and southern part of the island

of the island. In order to obtain an ET equal to 85%, an

(Figure 3(i)).

increase of the tank capacity is required, especially in the

Figure 4 shows the capacities required for the achieve-

southern part of the region (Figure 4(h)). The 95% threshold

ment of the deﬁned threshold of ET when rainwater is

cannot be obtained in the whole Sicilian territory, and where

used for garden irrigation. For a catchment surface A

reachable, requires capacities up to 30 m3, which is economi-

equal to 100 m2 (Figure 4(a)–4(c)), the achievement of the

cally disadvantageous.

75% threshold requires the installation of a tank with a
3

It has to be remarked that the assumptions made in

capacity of 15–30 m in almost all Sicily. The failure to

order to deﬁne the water demand for garden irrigation

achieve the thresholds of 85 and 95% in most of the island

clearly affected the results shown in the maps of Figure 4.

Downloaded from http://iwaponline.com/jh/article-pdf/19/6/853/658954/jh0190853.pdf
by guest

862

Figure 5

V. Notaro et al.

|

|

Evaluation of the optimal size of a rainwater harvesting system in Sicily

Journal of Hydroinformatics

|

19.6

|

2017

Optimal tank capacity (m3) for different ET threshold (%) and A (m2) for toilet ﬂushing and garden irrigation uses.

Indeed, if the garden had been planted with less water

most of the region with capacities in the range of 4–15 m3

demanding plants (such as succulent plants), the perform-

(Figure 5(h)). However, the achievement of the 85%

ance of the system would have been better. On the

threshold is not possible in the whole region, and, in the

contrary, the assumption of a garden planted with ﬂowers

cases in which it can be obtained, it requires tank capacities

or fruit trees, that require more frequent irrigation and

ranging from 20 to 30 m3. Figure 5(i) shows that the system is

higher volumes of water, would have provided lower

not able to provide an ET equal to 95%, except for a small are

values of water saving efﬁciency, if compared with the ana-

in the northeast.

lyzed condition.
Figure 5 displays the capacities required for the achievement of the ET threshold when the rainwater is used both for

CONCLUSIONS

toilet ﬂushing and garden irrigation. For A ¼ 100 m2, the
system is not enough to meet the water demand and obtain

For a long time, rainwater collection systems have been an

an ET equal to 75% (Figure 5(a)), except for a limited area

important source of water supply in arid and semi-arid

in the northeast, where mean annual precipitation is higher

areas of the Mediterranean. Nevertheless, the increasing

than the rest of the region. For the two uses of rainwater,

pressure on water resources, especially related to climate

mean annual ET does not reach 85 and 95% in any area of

change and the expansion of urban and industrialized

Sicily (Figure 5(b) and 5(c)). Increases of A up to 200 m2

areas, has aroused great interest in the possibility to install

allow an ET equal to 75% in most of the island to be obtained

these systems in urban areas as an alternative water source

(Figure 5(e)), nevertheless the threshold of 95% cannot be

to be integrated with traditional water supply systems.

reached in any area in this case (Figure 5(f)). The system

In this analysis, a behavioral model was applied in order

becomes more efﬁcient when a catchment surface of

to investigate the performance of an RWH system in terms

300 m2 is available, reaching an ET equal to 75% in

of its reliability. Water demand for toilet ﬂushing and
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garden irrigation and 3 years of historical daily rainfall data

In summary, the study showed that in some areas of

for 111 locations in Sicily were used as input to the system

Sicily RWH systems, integrated with conventional water

simulation model, the YAS algorithm. Water demand for

supply systems, can provide signiﬁcant water savings. For

ﬂushing was calculated as the number of daily ﬂushes per

this reason, incentives and government support should be

capita, which was obtained by analyzing water consumption

promoted in order to encourage householders to install

data collected during a 2-year measurement campaign in

RWH water systems in residential urban areas.

Palermo (northwestern Sicily). Water demand for garden
irrigation was evaluated by estimating the mean monthly
reference evapotranspiration.
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