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Abstract: The supply of various non-potable water usages based on the harvesting and management
of rainwater in urban areas allows to save high-quality water resources for strictly potable use and to
limit the squandering of precious freshwater resources. A rainwater harvesting system included in
a reconversion project of a former military area located in the town of Genova (Italy) is examined.
Rainwater is collected and used for the landscape irrigation of public areas. Three rainwater collection
scenarios are considered while varying the size of the storage tank, using daily rainfall data from
a local long-term record as the reference rainfall climatology. A behavioural model is adopted to
simulate the operation of the rainwater harvesting system and improved with a dedicated algorithm
to account for the actual soil water availability for the vegetation and its temporal decay, based on
the specific soil type and vegetation. For each scenario/tank size combination, reliability indices
are calculated and compared, while the detention time and the annual usage volume per unit tank
capacity are used as indicators of water quality deterioration in the tank and the economic benefit
associated with the exploitation of the resource. The best solution in terms of rainwater collection
scenario and tank size is identified.

Keywords: rainwater harvesting; landscape irrigation; urban environment; behavioural model; soil
water capacity; precipitation

1. Introduction

Depending on the local climate, rainwater is a potential freshwater resource, often
underrated and unexploited at the scale of urban areas [1]. In cities, rainwater is typically
drained and routed away rapidly and efficiently from roads, roofs, and other variably
permeable surfaces by means of traditional urban drainage networks. Contrary to other
sources of water supply, however, rainwater is directly available on-site and does not
require onerous water transport infrastructures; it is, therefore, easily accessible. Admit-
tedly, the quality of rainwater in urban areas is affected by various pollutants and must be
carefully assessed in relation to any intended usage (see, e.g., [2]). However, Mazurkiewicz
et al. [3] tested the quality of rainwater harvested in underground retention tanks and
found that the collected rainwater even complied with the requirements of the European
Union for drinking water.

Rainwater harvesting (RWH) and management allow to relieve the anthropic pressure
on high-quality water supply sources (uphill lakes, aquifers, and springs) due to the potable
water demand. Except in arid climates, indeed, the squandering of potable water resources
for usages that would not require the high quality and safety features of potable water
supply is rather common. These include the irrigation of public/private green areas, road
cleaning, toilet flushing, fire suppression systems, etc.

The present work addresses the use of rainwater for the landscape irrigation of public
areas by focusing on the case study of an RWH system included in a reconversion project
of a former military area located in the town of Genova (Italy), within the Mediterranean

Water 2022, 14, 3468. https://doi.org/10.3390/w14213468 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14213468
https://doi.org/10.3390/w14213468
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-7931-172X
https://orcid.org/0000-0002-5874-0357
https://doi.org/10.3390/w14213468
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14213468?type=check_update&version=1


Water 2022, 14, 3468 2 of 16

temperate climate, with dry and hot summer (Csa in the Köppen–Geiger classification;
see [4]). The project foresees the development of a public park where various playgrounds,
green areas, orchards, and picnic areas will replace sheds and open areas used to store
armaments. The project provides for rainwater to be collected and used for irrigation
in the park, where a few nature-based solutions (NBSs) contribute to the management
of stormwater drainage and control. NBSs are indeed defined as “both natural and con-
structed systems, which utilise and reinforce, physical, chemical and microbiological
treatment processes” [5].

Although the implementation of NBSs in the project improves the resilience of the
town against the impact of heavy rainfall events, it also reduces the availability of rainwater
for harvesting and irrigation. Nevertheless, the collection of rainwater after infiltration
improves the quality of the collected water when compared with water collected from
impervious surfaces such as roofs, asphalt roads, and concrete sidewalks, as is typical of
the heavily urbanized neighbourhood in the city of Genova. The collection of rainwater
is, therefore, limited in this study to areas located inside the park. Rainwater is not
only collected from rooftops and other impervious surfaces but also from green or semi-
permeable areas of the park, including porous pavements, which can be counted among
the NBSs since they exploit the natural process of infiltration through permeable surfaces,
even if there is no vegetation contributing to water management and control (they are
not “green”).

The high-intermittency and randomness features of rainfall events in space and time
require smart management capabilities to avoid inefficiencies of RWH systems due to the
scarce synchronization between availability and demand. In particular, the use of rainwater
for irrigation is in phase opposition with the occurrence of rainfall events (irrigation is
activated in dry periods, while during wet periods, irrigation is not needed). An efficient
solution is the use of RWH systems equipped with a storage tank, suitably designed
according to the expected variability of rainfall events and on the magnitude and temporal
distribution of the demand.

In the RWH literature, many studies concentrate on domestic systems (see, e.g., [6,7]),
where the optimization of the system is sought at the scale of the single building, for
household consumption, while integrated systems at the urban scale and/or in complex
urban renovation projects are limited. The potential for domestic potable water savings
using rainwater in a house in Blumenau, southern Brazil, was demonstrated, e.g., by [8]
by estimating the water end uses based on the frequency and time of use of the water
appliances in the house. Typical multistore residential buildings were considered by [9]
when investigating the applicability, reliability, and economic benefit of RWH systems to
partially offset the daily water demand in Dhaka city (Bangladesh).

RWH systems for crop irrigation were addressed, e.g., by [10], who calculated the
sustainability scores for various RWH designs and crops, together with the feasibility of
combined RWH and well water systems. They found that the benefits of RWH systems
irrigating soybeans supported with well water (0.4 well water and 0.6 RWH) provided
significant cumulative energy savings and reductions in CO2 emissions, blue water use,
ecotoxicity, eutrophication, and human health (in terms of anticancer activity). However,
RWH-based irrigation is a special kind of water-saving irrigation using much less water
than conventional water-saving irrigation (also called “low-rate irrigation”), and water
supplied to crops is generally limited to 10–15% of the total crop water consumption over
the whole growing season [11]. The work of [12] demonstrated the suitability of sustainable
rainwater harvesting to support domestic or small-community agriculture or assist in
fighting small forest fires.

When rainwater is used for landscape irrigation (e.g., in public green areas in cities),
the demand is much lower than for crop irrigation. RWH systems for landscape irrigation
were addressed, e.g., by [13] using roof water collection from three dome sports stadiums
in the towns of Fukuoka and Nagoya, Japan, and by [14], who reported of a rainwater
landscape irrigation project in Sydney, Australia. The citizens’ attitude towards a strategy
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to irrigate urban parks using rainwater collected in retention ponds was investigated
by [15] for the city of Calgary (Canada). They found that about 80% were in favour of
irrigating with rainwater during water shortages and that the use of rainwater was largely
preferred against other proposed options (including wastewater recycling, no irrigation,
and especially potable water).

Climate factors and the local characteristics of urbanization obviously have an influ-
ence on the performance of an RWH system. Preeti and Rahman [16] investigated the
expected water savings from RWH systems located in various Australian cities, addressing
different tank sizes and water uses, showing that—although efficient in supplying water
for toilet-flushing and laundry water demands—the reliability for irrigation use was highly
variable across all the locations. One of the reasons for this result was that the demand for
irrigation was deemed too high.

However, the quantification of the water demand for irrigation in urban areas is often
addressed in a very general way, assuming constant values for the irrigation demand
and separating at best the growing season from the dormant season, when no irrigation
is used [17]. Preeti and Rahman [16] assumed a reference value of 10 mm/session but
provided limited information about the frequency of such sessions and their possible
dependence on the actual rainfall events.

Recently, Li et al. [18] introduced the modelling of landscape irrigation demand in
RWH systems by employing the Soil and Water Assessment Tool (SWAT) developed by [19]
to quantify the contribution of vegetation on the sub-daily scale. Only roof runoff was
assumed as the source for RWH. They investigated various combinations of rain cistern
sizes, percentages of rooftop area collected, and irrigation strategies, where automatic
irrigation was controlled by soil water depletion in pervious areas within the maximum
depth of the root zone and stopped once the field capacity was reached. However, their
study focused on evaluating the impact of rainwater harvesting and reuse strategies on
runoff reductions (peak and depth) rather than on determining the efficiency of the RWH
system in terms of water supply for irrigation.

Jones and Hunt [20] noted that the pattern of water usage may significantly affect
the overall performance of an RWH system solely used for landscape irrigation, with
high demand being expected during summer and low during the winter months. They
suggested that water usage be correlated with typical seasonal rainfall patterns, to improve
cistern performance with regards to the runoff volume captured.

While various studies are available for installations in cold and semi-arid climates [21,22],
the application of RWH systems in the Mediterranean area is less common. In such climatic
conditions, rainfall events are mostly concentrated in few intense occurrences, contributing
a significant portion of the total annual rainfall. Mehrabadi et al. [23] found that in the
Mediterranean climate, it was possible to supply at least 75% of the non-potable water
demand in buildings with large roof areas for a maximum duration of 40% of the time, while
in arid climate, a similar duration was only 23% of the time. Palla et al. [24] explored
the variability of the performance of domestic RWH systems in various European climate
zones, showing the role of the local rainfall climatology in determining the most suitable
sizing of the system for similar demands.

To further investigate the performance of an RWH system for urban landscape irriga-
tion in the Mediterranean climate, the implementation of an improved behavioural model
is proposed in this work, where the daily irrigation demand is calculated based on soil
water depletion following the actual precipitation derived from a quasi-bicentennial rainfall
record. The model is applied to a reconversion project of a former military area, located
in the town of Genova (Italy). The long-term performance of the system is calculated in
a non-dimensional framework in terms of suitable temporal and volumetric reliability
indices, detention time, and economic benefit, so that the transferability of the results into
similar sites and configurations is made easier.
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2. Methodology

A behavioural model is implemented to simulate the operation of a rainwater har-
vesting (RWH) system, designed to supply urban landscape irrigation. Three rainwater
collection scenarios are modelled by assuming that rainwater is collected from the drainage
of ground surfaces or from roof runoff. The methodology adopted for the analysis is similar
to the ones proposed in the literature by various authors [25,26] but is suitably adapted by
introducing a dedicated algorithm to account for the dynamics of the soil water content in
calculating the daily irrigation demand.

2.1. Rainfall Climatology

The potential for rainwater harvesting and use depends on the urban surfaces made
available for rainwater collection, the associated runoff coefficient, the relationship between
the frequency and intensity of rainfall events in the region, and the variability of the demand.
In the Mediterranean region, the strong intermittency and randomness of precipitation
events in space and time require smart management capabilities to avoid that the adopted
technical solutions end up being inefficient due to the scarce synchronization between
availability and demand.

The efficiency of an RWH system can be established by simulating the system perfor-
mance over a sufficiently long period. To this aim, the historical rainfall series recorded at
the meteorological station of Genova Università (Italy) is adopted. Daily rainfall data are
used, as observed in the period of 1833–2008. Annual data from the same time series are
graphically reported in the left-hand panel of Figure 1.
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Figure 1. (a) Quasi-bicentennial daily rainfall record as observed at the meteorological station of
Genova Università, with continuous and dashed lines indicating the mean plus/minus the standard
deviation of the whole series, respectively; (b) seasonal variability of monthly precipitation. Boxes
and whiskers encompass the central 50% and 80% of the dataset, respectively, while dots indicate
the 5th and 95th percentiles of their non-parametric distribution. The mean and median values are
depicted with thick and thin horizontal lines, respectively.

The site is characterized by a strong seasonality of precipitation events, with the
maximum values of monthly precipitation occurring in the fall season, while a minimum is
reached in summer. In the right-hand panel of Figure 1, the observed variability of monthly
precipitation is reported in the form of boxes and whiskers. The amplitude of the boxes and
the distance between whiskers and dots reflect the dispersion of the data, and the distance
between the mean and median values (if any) is indicative of a non-symmetric distribution.

In the fall season, the statistical variability of the observed monthly data is also strong,
with individual monthly values that may vary even dramatically from year to year, with
cases when the total precipitation of one single month may reach even 30% of the annual
precipitation amount.

The characteristics of the local climatology are synthesized by the statistical values
usually adopted for the description of rainfall events, i.e., the mean and standard deviation
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values of the annual precipitation depth (1270 ± 309 mm), the event depth (29 ± 43 mm),
the event duration (1.93 ± 1.40 days), and the dry spell duration between two consecutive
events (6.45 ± 7.24 days). The event depth and the dry spell duration show large standard
deviations, confirming that the site is characterized by a typical Mediterranean climate
with high-intensity events interspersed with even significant dry periods.

2.2. The Behavioural Model

The behavioural model is based on a conceptual scheme implying the collection of
rainwater from the drainage of ground surfaces and/or some building roofs. The model
performs, at a daily scale, the balance of the incoming and outgoing volumes associated
with the collected rainwater flows and the water supply. The daily water demand is
calculated to only meet the landscape irrigation water needs. In Figure 2, a schematic of
the RWH system is illustrated, and the variables used to describe the various components
of the behavioural model are indicated, where t is the simulation interval, Pt (L) is the
precipitation amount, Qt (L3) is the volumetric rainwater inflow to the storage tank, S (L3) is
the storage capacity of the system (or tank volume), Vt (L3) is the actual rainwater volume
stored in the system, Yt (L3) is the released volume, Ot (L3) is the overflow volume, and
Dt (L3) is the water demand. The rainwater inflow to the storage tank Qt (L3) is evaluated
based on the flow that is collected at each computational step t and conveyed to the storage
tank using the rational formula:

Qt = Pt·φ·A (1)

where φ (–) is the runoff coefficient and A (L2) is the extension of a generic collection area.
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Figure 2. Schematics of the main elements of the simulated RWH system. Pt is the precipitation
amount; Qt is the rainwater inflow to the storage tank; S is the storage capacity of the system; Vt is
the rainwater volume stored in the tank; Yt is the released volume; Ot is the overflow volume; and Dt

is the water demand.

The behavioural model is based on a daily mass balance equation:

Vt = Qt + Vt−1 −Yt −Ot (2)

where Yt and Vt are defined as follows, according to the so-called Yield After Spillage
(YAS) algorithm:

Yt = min
{

Dt
Vt−1

(3)

Vt = min
{

Vt−1 + Qt −Yt
S−Yt

(4)



Water 2022, 14, 3468 6 of 16

The YAS algorithm provides a cautionary assessment of the system efficiency, indepen-
dently on the temporal scale adopted for the model [27]. Mitchell [26] also recommended
using the YAS algorithm based on its lower sensitivity to variations in the storage capacity
and water demand. Although running the model on the daily scale does neglect the typical
variability of the precipitation process on any finer temporal scale, [25] showed that this
approach favours a reliable assessment of RWH systems in all cases when the storage
fraction (S/Q)—calculated with the mean annual inflow—is larger than 0.01, as discussed
below with respect to the investigated collection scenario/tank size combinations. For
lower values of the storage fraction, finer-scale models (hourly, minutes) are more suitable,
since in the case of small-size storage tanks, the temporal variability of the precipitation
process may affect the accuracy of the results about the efficiency of the RWH system.

Given that previous studies demonstrated the scarce influence of the initial condition
of the tank [28], an empty storage tank at the start of the simulation is adopted here.
According to the final design of the reconversion project used as a case study, the tank
is assumed to be covered, so that evaporation from the tank between rainfall events can
be neglected.

2.3. Water Demand and Rainwater Collection Scenarios

The reconversion project, analysed as a case study, foresees the realization of green
areas for picnic, orchards, dog areas, and other recreational uses. The topsoil of the planned
installations is composed of fine sandy loam with a corresponding water holding capacity
(WHC) equal to 158 millimetres per metre of soil depth. As indicated in the stratigraphic
details reported in the final project for meadows and shrub areas, the root depth value is
equal to 0.20 and 0.30 m, respectively, while for the areas where trees are planted, the root
depth value is 1 m. Therefore, the corresponding water holding capacity is equal to 32, 48,
and 158 mm, respectively.

From June to August, the daily water need (f ) is equal to 5 mm for meadows and
shrubs areas, while 0.8 mm is needed for areas where trees are planted. These values
are halved in April, May, September, and October and assumed to be equal to zero from
November to March. The water supplied through the irrigation system (It) is obtained, at
each time step t, as a function of the actual soil water content according to the following
scheduling of irrigation and watering criteria:

• Irrigation is not activated if it rains to cover at least the daily water need or if, in dry
days, the soil water content is at least 80% of the WHC;

• Irrigation is always activated when the soil water content drops below the threshold
of 80% of the WHC;

• The WHC of soil is recovered only after sufficiently large precipitation events but
not from irrigation, which is used to ensure that only the water need of vegetation
is fulfilled.

The excess precipitation, when larger than the soil WHC, either percolates due to
gravity to deep soil and is drained away or becomes surface runoff and is collected and
stored in the tank.

For each type of vegetation that is supplied with irrigation (meadows, shrubs, trees),
the actual soil water content WHCe f f ,t (mm) is calculated, at any daily time step t and
based on the daily water need f (mm), with the following algorithm:

If
Pt > WHC− (WHCe f f ,t−1 − f + It−1) (5)

then
WHCe f f ,t = WHC (6)

else
WHCe f f ,t = WHCe f f ,t−1 + Pt − f + It−1 (7)

where the dependency on daily precipitation is made explicit.
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The water supplied through the irrigation system (It, expressed in mm) at each time
step t is obtained according to the following rule:

If
WHCe f f ,t ≤ 0.8·WHC (8)

then
It = f (9)

else
It = 0 (10)

The total daily demand for irrigation, Dt (m3), is, therefore, given by:

Dt =
It,meadow

1000
·Ameadow +

It,shrubs

1000
·Ashrubs +

It,trees

1000
·Atrees (11)

where Ameadows, Ashrubs, and Atrees are the surface areas of the irrigated portions covered
with meadows, shrubs, and trees, respectively equal to 1369, 801, and 1400 m2. Per each
area, the initial condition at the start of the simulation period is set as a soil water content
equal to the WHC.

This approach is conceptually similar to the one proposed by [18] when dealing with
landscape irrigation, although they only exploited the overflow from the RWH system for
irrigation, since their objective was to limit the overall runoff from the site. In that case,
however, irrigation was activated when soil water depletion in pervious area exceeded
50% of the total available water capacity in the root zone of grasses. In addition, they
precautionary assumed that irrigation stops when the soil water content in pervious areas
reaches the field capacity of the soil and/or precipitation occurs while irrigating. The
differences in the two approaches reflect the different objectives of the adopted model, since
in our case, the best RWH solution is sought in terms of its capacity to supply landscape
irrigation, while [18] aimed at minimising the volume and peak of surface runoff in the
connected watershed. However, we believe that our proposed irrigation criteria would be
even more suitable in that case, since keeping the soil saturated at the field capacity would
produce an earlier runoff at the next precipitation event than in our approach.

The performance of the RWH system is analysed by considering three different rain-
water collection scenarios. The rainwater collection areas are defined as follows, where φeq
is the equivalent runoff coefficient and Atot is the total extension of the collection area in
each solution:

• Scenario 1: Rainwater collected from the drainage of ground surfaces with
Atot = 7925.6 m2 and φeq = 0.4;

• Scenario 2: Rainwater collected from a sheet metal roof with Atot = 1800 m2 and
φeq = 0.95;

• Scenario 3: Rainwater collected from a brick roof with Atot = 4960 m2 and φeq = 0.85.

The material and extension of the ground surfaces contributing to the rainwater
collected in the storage tank in Scenario 1 are as follows:

• Sports field and skate area (synthetic membrane): 850 m2;
• Staircases (impervious material): 125 m2;
• Playground (anti-trauma paving): 220 m2;
• Sand playground (sand): 30 m2;
• Pedestrian and driveway area paving (resin gravel): 3280 m2;
• Historical and existing paving (stone): 1347 m2;
• Green areas (meadows): 2074 m2.

The annual demand fraction, D/Q, defined as the ratio between the annual water
demand, D, and the annual inflow, Q, derives from the total water demand for irrigation,
which depends on the distribution of daily precipitation during the year and the water
collected from the various surfaces in each individual scenario. This non-dimensional
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parameter represents the overall attitude of the RWH system to meet the demand in any
single year and should be less than unity to indicate that using rainwater for irrigation
is feasible. The lower its numerical value, the larger the probability that the demand is
met whenever needed throughout the year. In Figure 3, the inter-annual variability of the
demand fraction is reported for the three collection scenarios in the form of box-and-whisker
plots, where the box-and-whisker description is the same as in Figure 1.
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It is evident that Scenario 3 has the best potential to maximize the system performance,
since the mean value is low (0.238) and the inter-annual variability is quite limited (standard
deviation equal to 0.074). As compared with the other two scenarios, both values are the
lowest, with Scenario 2 showing the largest values of both the mean and standard deviation
values, equal to 0.586 and 0.183, respectively. Scenario 1 has intermediate characteristics
(0.316 ± 0.099) but closer to the values of Scenario 3, thus still maintaining a good potential
to supply landscape irrigation in the area.

3. Results and Discussion

As proposed by [29], suitable indicators of the performance of the RWH system are
used here, namely, two temporal reliability indices (fraction of time when storage is not
empty, R, and when the demand is fully met, Re), and two volumetric reliability indices
(efficiency, ET, and overflow ratio, OT).

The temporal reliability indices are non-dimensional variables, respectively defined
as:

R =
m
N

(12)

Re = 1− n
N∗

(13)

where m is the number of days when the tank is not empty, N is the total number of days,
n is the number of days when the stored volume does not fully meet the demand, and N* is
the number of days when Dt > 0.

The two non-dimensional volumetric reliability indices are:

ET =
∑N

t=1 Yt

∑N
t=1 Dt

(14)

OT =
∑N

t=1 Ot

∑N
t=1 Qt

(15)

where ET is defined as the ratio between the rainwater volume provided by the tank
and the associated water demand over the simulation period, while OT is defined as the
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ratio between the overflow volume and the total rainwater volume collected over the
simulation period.

Regarding the economic feasibility of an RWH project, the authors of [6], while inves-
tigating RWH to supply domestic, non-potable uses, provided a formulation for the cistern
design volume, which incorporates the fixed and distributed costs of an RWH system
considering the random nature of the depth and timing of rainfall. They assumed a linear
relationship between commercial cistern prices and storage capacity for above-ground
plastic cisterns, although recognizing that an economy-of-scale effect produces a nonlinear
relationship for larger cistern volumes. The same seems to be reasonable, at least within
certain limits, for underground tanks. Jones and Hunt [18] noted that, when using large
storage volumes, there is a diminishing economic incentive for added tank capacity, be-
cause the increased cistern capacity is not fully utilized with every irrigation demand. They
suggest that a general indication of the economic benefit of an RWH system is provided by
the annual usage volume per unit of tank capacity (U), defined as:

U =
YT
S

(16)

where YT is the annual released volume.
Finally, to check the quality of the collected water, the detention time (τ), expressed in

days, is calculated by assuming a full mixing between the rainwater inflow to the storage
tank (Qt) and the rainwater volume stored in the tank at the previous time step (Vt−1),
based on the following algorithm:

if Vt = 0→ τt = 0 (17)

else if Vt > 0 then:
if Qt = 0 → τt = τt−1 + 1 (18)

if Qt > 0→τt =
(τt−1 + 1)·Vt−1 + 1·Qt

Vt−1 + Qt
(19)

The performance of the RWH system is analysed by varying the size of the storage
volume, S. Tank sizes equal to 30, 60, 120, 240, and 480 m3 are considered to identify the
most suitable system design.

The results are shown in the form of box-and-whisker plots of the non-parametric
distribution of the annual values of each performance index and of the detention time
and the specific usage volume as a function of the storage fraction (S/Q) in each scenario.
The values of the storage fraction as a function of the tank volume in each scenario are
listed in Table 1. Note that, except at S = 30 m3 in Scenarios 1 and 3, the storage fractions
are larger than 0.01, confirming the correct choice of the daily temporal scale to run the
simulations (see [25]).

Table 1. Storage capacity of the system (S) and storage fraction (S/Q) in the three investigated scenarios.

S (m3) S/Q (-)

Scenario 1 Scenario 2 Scenario 3

30 0.007 0.014 0.006

60 0.015 0.028 0.011

120 0.030 0.055 0.022

240 0.060 0.111 0.045

480 0.119 0.221 0.090
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3.1. Performance Indices

The adopted performance indices in the three investigated scenarios are compared in
Figure 4. The box-and-whisker plots show the variability of the annual temporal reliability
indices (R and Re, top panels) and of the annual volumetric reliability indices (ET and OT,
bottom panels) as a function of the storage fraction (S/Q). The box-and-whisker description
is the same as that in Figure 1, while the continuous lines represent the regression functions
calculated from the mean values of the investigated indices.
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The best fit formulation is logarithmic for all performance indices, generically ex-
pressed as a function of storage fraction S/Q as:

I
(

S
Q

)
= y0 + a·ln

(
S
Q

)
(20)
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where I is the generic reliability index, while y0 and a are two numerical coefficients
obtained from the regression. The values of the obtained numerical coefficients and the
Pearson coefficient (R2) are listed in Table 2.

Table 2. Coefficients (y0 and a) and Pearson coefficient (R2) of the logarithmic regression function for
the four reliability indices in each collection scenario.

R Re ET OT

Scenario 1 2 3 1 2 3 1 2 3 1 2 3

y0 1.116 1.022 1.156 1.321 1.069 1.427 1.299 1.035 1.412 0.597 0.412 0.669
a 0.072 0.065 0.075 0.198 0.179 0.203 0.201 0.181 0.208 −0.063 −0.103 −0.049

R2 0.997 0.995 0.994 0.997 0.995 0.994 0.997 0.980 1.000 0.996 0.979 0.999

In addition to the overall evaluation conducted by calculating the demand frac-
tion (D/Q), thus independently of the size of the storage tank (or the storage fraction
S/Q), the behavioural model allows the day-by-day fulfilment of the demand to be repro-
duced according to the actual precipitation events and the deriving dynamics of the soil
water content.

Depending on the storage fraction, indeed, the frequency and magnitude of precipita-
tion events determine the performance of the RWH system, providing a tool to support
the selection of the most appropriate combination of collection area and storage size. It
is expected that the inter-annual variability of the performance indices increases with the
increase in the size of the storage tank, but the amplitude of such behaviour can only be
estimated by considering the daily distribution of precipitation events. Indeed, a large stor-
age capacity would allow the volume of large events to be preserved, even for a significant
duration, but the actual occurrence of such large events is very variable from year to year.

The results confirm that the most efficient scenario is Scenario 3, the one collecting
rainwater from the brick roof, although Scenario 1, where the drainage from ground
surfaces is collected, exhibits very similar performance in agreement with the overall result
obtained above about the demand fraction (D/Q). Scenario 2, with rainwater collected from
the sheet metal roof, is less performant due to the reduced size of the collecting surface
(and a demand fraction about or more than twice those in the other two scenarios).

The fraction of time when the demand is fully met (Re) and the efficiency (ET) range
between 0.2 and 1, and obviously increase with the tank size. Both are larger than 60% when
the storage fraction is larger than 0.03, 0.1, and 0.02 in Scenarios 1, 2 and 3, respectively.
This means that a much larger tank size (twice the volume) is required in Scenario 2 to
achieve the same system reliability of the other two solutions. The most suitable design of
the RWH system would, therefore, require an intermediate tank size, in the order of 120 m3.

In all cases, the overflow ratio is quite high, reflecting the large portion of rainwater
that is collected but not used for irrigation (due to the scarce synchronization between the
availability and the demand). This indicates that further usages of the collected rainwater
would be compatible with the demand for irrigation, e.g., the supply of toilet flushing in
the public or nearby areas. This is also confirmed by the fraction of time when storage is
not empty (R), which exhibits quite high values since it is calculated over the whole year,
including periods when irrigation is not used (from November to March), and the stored
water would be available for additional usages.

Since the tank cost is often directly related to its volume and monetary savings are
directly related to the volume of water used, as suggested by [20], the annual usage volume
per unit of tank capacity (U) is calculated. The ratio of YT/S decreases as the tank volume
increases, since the added capacity is utilized less frequently (Figure 5, left-hand panel).
The results show that by fixing the tank size, Scenario 3 and Scenario 1 exhibit higher mean
values of U if compared with Scenario 2, which means that the adopted storage volume is
much better exploited. The box-and-whisker description is the same as that in Figure 1,
while the continuous lines represent the regression function calculated from the mean
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values of the investigated index. The best fit formulation is a power law, expressed as a
function of the storage fraction S/Q as:

T
(

S
Q

)
= α

(
S
Q

)β

(21)

where T = U, while α and β are two numerical coefficients obtained from the regression.
The values of the obtained numerical coefficients and the Pearson coefficient (R2) are listed
in Table 3.
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Figure 5. Box-and-whisker plots of the annual variability of the usage volume per unit of tank
capacity (U = YT/S, panel (a)) and normalized detention time (τ/τ*, panel (b)) as a function of the
storage fraction (S/Q) in the three investigated scenarios. The box-and-whisker description is the
same as that in Figure 1. Continuous lines represent the power law regression function calculated
from the annual mean values.

Table 3. Coefficients (α and β) and Pearson coefficient (R2) of the power law regression function for the
usage volume per unit of tank capacity and the normalized detention time in each collection scenario.

YT/S τ/τ*

Scenario 1 2 3 1 2 3

α 0.706 0.829 0.629 40.60 22.07 51.34
β −0.589 −0.604 −0.590 0.94 0.91 0.94

R2 0.994 0.997 0.994 1.000 1.000 1.000

3.2. Detention Time

The analysis of the detention time of water within the storage tank aims at ensuring
that the quality of the collected water does not deteriorate over time and reach conditions
that are deemed not suitable for the intended use. For instance, Ogbozige et al. [30] proved
that tap water for potable use, collected in plastic, or galvanized or coated steel metal tanks,
should not be stored for more than three weeks.

In the case of non-potable usages, such as the landscape irrigation of urban green areas,
less demanding quality standards are required. He et al. [31] performed rainwater quality
observations in a case study involving RWH for the landscape irrigation of public areas
and reported that “the quality level of stormwater (. . . ) generally meets the requirements
for irrigation under dry periods and low flow conditions, when watering is likely to
be performed.” They also found that rain events “significantly contributed to elevated
microbiological levels in rainwater” and suggested that the irrigation system be prevented
from watering for a couple of days after each rain event, a condition that is indeed met by
the irrigation schedule assumed in this work.
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To avoid the formation of a suitable habitat for mosquitos in structural Best Manage-
ment Practices (BMPs), it was suggested that the irrigation schedule allows the complete
drawdown of the stored water volume within 72 h [32]. The same source suggested that
irrigation should not begin within 12 h after the end of rainfall, so that direct storm runoff
has ceased, and soils are not saturated.

Metzger et al. [33] investigated the quality of rainwater used in many BMPs realised
throughout the United States and suggested that structures designed with sumps or basins
that retain water permanently or longer than 72 h should be sealed completely to prevent the
entry of adult mosquitoes but recognised that this is hardly feasible given the dimensions
of insects and their ability to access indoor rooms. Summarising years of research and field
observations, they reported that aquatic habitats that last only three to five days generally
do not permit the complete development of mosquito larvae.

In this work, a conservatory three-days period is assumed as a reference value (τ*)
to assess the quality performance of the RWH system based on the chosen collection
scenario and tank size. The results of the detention time (τ) of the water in the tank are,
therefore, reported below in terms of normalised values, τ/τ*, so that any deviation from the
reference conditions can be easily highlighted. Again, as in the analysis of the performance
indices, the presented box-and-whisker plots show the variability of the annual normalised
detention time (τ/τ*) as a function of the storage fraction (S/Q) in each investigated scenario.
The box-and-whiskers description is the same as in Figure 1, while the continuous lines
represent the regression function calculated from the mean annual values.

The best fit formulation is a power law expressed as a function of storage fraction S/Q,
with the same formulation of eq. 25 and T = τ/τ*. The values of the obtained numerical
coefficients (α and β) and the Pearson coefficient (R2) are listed in Table 3.

It is evident from Figure 5 that the detention time is quite constant with the choice
of the rainwater collection scenario, for any given tank size. The horizontal spacing of
the various boxes in each group (with fixed tank size) is dictated by the differences in the
collected rainwater volume (Q) among the investigated scenarios. However, the increase in
the detention time with the tank size (storage volume) is significant, as expected.

The detention time slightly varies among the various scenarios and shows the highest
mean values and spread in the case of Scenario 2. Note that the best choice of storage
volume (S = 120 m3) identified above is here also confirmed in terms of the resulting water
quality, since it implies normalized detention times only slightly larger than one in all
scenarios and thus close to the reference value assumed in this work. It is important to
highlight that the detention time provides an indication of the water quality deterioration
over time after it is collected in the tank, while this parameter does not account for the
initial water quality conditions. Scenario 1, where part the collected rainwater is subject to
infiltration in the soil, allows improved water quality conditions to be obtained thanks to
the purifying capability of the terrain and vegetation.

One last comment is needed about the quality of the collected water. As summarized
by [34], Legionella pneumophila is a natural intracellular bacterial parasite of free-living
freshwater protozoa and an accidental human pathogen that causes Legionnaires’ disease.
The most common form of transmission of Legionella is the inhalation of contaminated
aerosols produced in conjunction with water sprays, jets, or mists [35]. Halpern [36]
showed that the minimum water temperatures for the growth of Legionella are 25–30 ◦C.
Although similar air temperatures can occur in Genova in summer, water stored in the
underground tank would hardly reach such temperatures. However, with the objective to
exclude any risk of inhalation, irrigation during nighttime, when the public area is closed,
is recommended for this project.

4. Conclusions

The present work illustrates a suitable algorithm to account for soil water depletion
conditional on daily precipitation events in urban green areas subject to landscape irrigation
within an RWH system. A reconversion project of a former military area, located in the
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town of Genova (Italy), is used as a case study. Being in the Mediterranean region, the
site is characterized by a strong seasonality of the rainfall events, with a high variability
of the event depth and the duration of inter-event dry periods throughout the year. A
long-term precipitation dataset (quasi bicentennial) is used to investigate the performance
of the RWH system over time. The performance of the RWH system in three different
rainwater collection scenarios is evaluated using a suitable behavioural model coupled
with a dedicated algorithm to account for the soil water dynamics on the daily scale.
Non-dimensional performance indices are used to illustrate and compare the various
combinations of collection areas and tank sizes.

The soil water depletion algorithm proposed in this work to control the scheduling
and amount of landscape irrigation allows one to include in the analysis the response
of the irrigated areas to both the actual precipitation events and the watering cycles.
The representativeness of the behavioural model and the associated performance indices
are, therefore, improved. Using a water depletion algorithm also enhances the resulting
exploitation of the collected rainwater resource by minimizing the watering volumes while
still meeting the time-varying demand of the vegetation. This opens the field to further
non-potable usages of the collected rainwater, since in all the investigated scenarios and for
all tank sizes, the overflow ratio remains significant.

For the investigated case study, the best solution is found to be the adopting of a tank
size of 120 m3, also considering the quality deterioration of the water in the storage tank
and the economic benefit associated with the exploitation of the resource. Based on the
assumed parameters, Scenario 1 and Scenario 3 exhibit similar performances. Scenario 1,
which involves collecting rainwater from various ground surfaces in the park, requires a
more complex drainage network below the various ground surfaces contributing rainwater
to the storage tank if compared with the other two scenarios where a simple assembly of
gutters and pipes can be employed. Pros include the quality of the collected rainwater
thanks to the purifying potential of the terrain and vegetation in the collection areas.
Scenario 2 involves collecting rainwater from the sheet metal roof, but with 40% of the
effective surface area (φeq · Atot) with respect to Scenario 3. Using Scenario 2 would require
doubling the size of the storage tank to achieve efficiency values similar to those in the other
two scenarios.

A limitation of the adopted approach can be found in the time scale used for the
behavioural model. The daily scale does not obviously reproduce any higher frequency
in the variability of precipitation and soil water dynamics. However, when the objective
of the RWH system is landscape irrigation alone, the daily scale appears quite reasonable.
The literature advice to adopt the daily scale when the storage fraction (S/Q) is larger than
0.01 is met in all but one of the investigated scenario/tank size combinations. Furthermore,
long-term series of measured precipitation on the sub-daily scale to feed the behavioural
model can hardly be found.

A second limitation is related to the use of the local rainfall climatology in the frame-
work of a specific case study, and some differences could be expected when applying the
same methodology to a site located in a different climate. The Mediterranean climate,
however, is characterized by a strong seasonality and the occurrence of even long dry
periods between precipitation events, thus by quite demanding conditions for the use of
RWH for landscape irrigation. Transferring the proposed model to a different climate (arid,
semi-arid, or humid) may lead to different results, although it is evident that using the soil
water depletion algorithm proposed in this work in any other climatological framework
would also be beneficial for the assessment of the system performance.
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