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Abstract: Climate change and an increase in urbanization are severely testing urban drainage systems;
at the same time, population growth is leading to an increase in demand for water resources, while
climate change is more likely to reduce the amount of water that is available to meet this demand.
The present study finds a solution to both problems by assuming a hybrid use of detention basins,
i.e., providing a real-time control system (RTC) for the outfall discharge managed according to the
rainfall forecast and the water level in the tank, to reuse rainwater for non-potable use and, at the
same time, to guarantee the hydraulic protection of the downstream system. Twenty-seven scenarios
were simulated using the numerical model SWMM 5.1, assuming different types of controls on the
discharge. The simulations show a non-potable water-saving efficiency from a minimum of 32%
to a maximum of 90%, and the reduction in volume discharged is between 11% and 31%, while
the peak flow rate varies more significantly depending on the type of control used. These results
highlight the detention basins’ potential deriving from the hybrid use of this system with rainwater
harvesting systems.

Keywords: detention basins; rainwater harvesting systems; hybrid systems; stormwater management;
rainfall forecasting; real-time control; long-term simulation; SWMM

1. Introduction

In the mid-twentieth century, rapid urbanization produced a significant alteration
in the natural hydrological balance by reducing the infiltration capacity of the soil [1,2].
The increase in impervious surfaces, a typical phenomenon of urban expansion, on the
one hand reduced the volume of rainwater that naturally infiltrates the subsoil by limiting
the recharge of the aquifers; on the other, it established an increase in velocity, reduced
the initial and continuing losses in the rainfall-runoff process, and increased runoff vol-
ume [3], increasing the risk of urban flooding. Drainage systems have been implemented
by engineers to accumulate and manage rainwater to reduce the problem of impervious
surfaces [4]. The management of rainwater is therefore a priority for many cities, in order
to mitigate the effects of the growing urbanization that impacts both the sewer systems and
the receiving water bodies.

At the same time, climate changes cause precipitation increases in some places while
reducing it in others [5], increasing the frequency of drought and flooding periods. Popu-
lation growth, in conjunction with the onset of climate change, influences drinking water
availability; therefore, it is necessary to safeguard water resources by favoring solutions to
reuse water for non-drinking purposes [6]. In Italy, from the monitoring carried out during
the activity of the AQUASAVE project (Life 97 ENV/IT/000106), an average consumption
of potable water of about 106.35 L/p/d was recorded for eight apartments located in the
same building in the city of Bologna, equipped with low consumption devices; the results
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of the project show consumption used for toilet flushing as 23% of total drinking water
consumption, corresponding to 24.46 L/p/d [6].

The use of rainwater harvesting systems has a dual function: to reduce urban potable
water demand, increasing the reuse of rainwater for non-drinking purposes, and to mitigate
the quantity of stormwater runoff [7]. Efforts are increasingly being made to exploit the
potential of rainwater management infrastructures, implementing the system with real-
time controls to manage discharge to achieve multiple performance objectives such as
(1) stormwater capture and mitigation efficiency, including volume and the peak flow
reduction; (2) recovering and reusing rainwater for non-drinking purposes to reduce water
consumption; (3) reducing pollutants transported to the receiving water bodies [8–12].

It is also important to underline that a combination of rainwater harvesting systems
and green technologies, such as green roofs, can lead to further benefits, improving the
quality of the collected water, filtered through the green roof and further reducing the
impact of extreme weather events on the city’s sewage system [13–16].

Advances in information technology offer the opportunity to improve the performance
of infrastructures that are conventionally used for the management of rainwater. Internet-
accessible controller systems and wired or wireless communication have made real-time
controls a low-cost solution for the dynamic management of stormwater infrastructures,
making it easy to install on both new projects and existing facilities [17]. This technology
is known as the Internet of Things (IoT), and it defines the network of physical objects
embedded within electronics, software, sensors, and network connectivity, which enables
these objects to collect and exchange data. This technology, applied to rainwater manage-
ment infrastructures, uses weather forecasts to calculate the expected runoff volume of the
rainfall event. The technology can communicate the calculated runoff volume and the level
in the tank detected by the sensors: depending on the data obtained and the settings of the
controls, it can manage the discharge in real time.

The methodology that provides real-time controls of stormwater facilities’ discharge,
as a function of rainfall forecasting and according to the level recorded in the tank, is
called the continuous monitoring and adaptive control (CMAC) approach [17–19]. Roman
et al. (2017), for example, applies it to a rainwater harvesting system in New York to limit
outflow in the sewer and, at the same time, to reduce the consumption of drinking water
for irrigation purposes by exploiting the accumulated rainwater. This system is applied to
an existing infrastructure equipped with level sensors in the tank, and it is connected to a
weather forecasting system to minimize outflow and to maximize the detention capacity
while improving the quality of the water directed to the downstream system. If CMAC
technology is integrated with a civil infrastructure for rainwater management, the global
system can improve the quality of the water sent to the downstream system and, at the
same time, it can optimize discharge during precipitation events to prevent flooding [20].

Liang et al. [21] applies IoT technology to a rainwater harvesting system to evaluate
the reduction in the peak flow and the volume discharged compared to a traditional
configuration. In the literature cases, the outflow is managed by an actuated valve that
controls the release rate: the opening and closing are regulated according to the level in the
tank and the probability of precipitation in the following 24 h.

In the model proposed in this paper, different types of controls will be analyzed: the
study seeks to evaluate the potential resources derived from the reuse of rainwater stored
in a detention basin for toilet flushing in a real office building in Bologna (Italy). The
real detention basin is assumed to have a hybrid function: in dry periods, it is used as a
rainwater harvesting system; during significant rainfall events, it provides the release of
water from the tank. In this case, the RTC system is connected to the weather forecast and
to the level sensors in the tank: water in the system is released to the downstream system
by a pump if precipitation is forecast in the following 24 h and the available storage volume
in the detention basin is smaller than a set volume. Furthermore, during the precipitation,
the real-time system can activate the discharge pump if the volume in the detention basin
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is smaller than what is set. In this way, the rainwater harvesting system will be fed not only
by the roofs but also by the water washed out from outdoor areas, after treatment.

This study aims to evaluate the possibility of using the volume of a detention basin to
store rainwater for reuse for non-drinking uses, optimizing the potential of this infrastruc-
ture to reduce discharge volume and overflow peak spilling into the downstream system.
The use of the detention basin, temporarily accumulating water volumes deriving from
rainfall events to return them to the downstream network or to the body of water with
a reduced flow rate and compatible with them, make it possible to mitigate the effects
deriving from urbanization and reducing the risk of urban flooding [22]. In the same way,
the rainwater harvesting systems make it possible to reduce the demand for drinking water
by using the rainwater resource for non-drinking uses such as toilet flushing and irrigation
systems [23].

The RTC systems are more studied and used in the context of combined sewer sys-
tems to minimize outflow in terms of volume and pollutants conveyed to the receiving
water bodies, maximizing the capacity of the network and improving the functioning
of the wastewater treatment plants [24–26]; the use of real-time controls combined with
infrastructure for the management of rainwater remains, to date, less studied or used.

In Section 2 of this paper, the study area and the input data used for the EPA SWMM 5.1
model, the hypothetical scenarios, and the types of controls implemented will be explained;
Section 3 reports the results obtained and the discussion; the conclusions close the paper in
Section 4.

2. Materials and Methods

A hydrologic and hydraulic model of the case study site was developed using the
Environmental Protection Agency’s (EPA’s) Stormwater Management Model (SWMM)
version 5.1; this is a dynamic rainfall-runoff simulation model, and it was chosen for its
capability to effectively perform long-term (continuous) simulations by implementing
complex logic controls.

2.1. Case Study Area

To apply the modeling study to a real situation, the paper was based on a real detention
basin in the urban area of the city of Bologna (Italy). The detention basin storage volume
is 700 m3. The dimensions of the basin are as follows: length = 10 m; width = 12 m; total
height = 7.5 m; maximum water level = 5.8 m. It is designed to collect runoff from two types
of subcatchments: the roofs of the buildings (3500 m2) and the outdoor areas (10,190 m2).
The outdoor areas (streets, squares, and gardens) are 25% permeable. The tank discharges
a maximum of 10.95 L/s into the nearby “Canale Reno ‘75”, which is an artificial channel.

Another important factor that influenced the choice of the case study area is the
presence of a building with a dual water supply system with a flow meter for toilet flushing;
the data were analyzed to determine the non-drinking water demand to be met for this use.

Figure 1 shows the case study area with an indication of the land use and the main
existing hydraulic infrastructure.

2.2. Inputs

Input parameters of the model are described in the following sections.

2.2.1. Precipitation

Precipitation data with a fifteen-minute logging interval for a period of thirty years,
from 1 January 1990 to 1 January 2020, were obtained from the ARPAE Dexter service:
“https://simc.arpae.it/dext3r/” (accessed on 26 November 2023) from the rain gauge
“Bologna Urbana” located approximately 2 km from the case study area. A summary of the
data collected and the rainfall characteristics are represented in Figures 2–4.

https://simc.arpae.it/dext3r/
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The general statistics for the period of record include the following:

• Total precipitation: 22,790 mm;
• Average annual rainfall: 760 mm/year;
• Number of days with precipitation greater than 1 mm: 2340 days/30 years, about

80 days/year.
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Figure 3. Annual rainfall cycle from 1990 to 2019 in the city of Bologna represented by a box plot
(with the minimum value, the first quartile, the median, the third quartile, and the maximum value).
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Figure 4. Frequency distribution of daily rainfall for the period 1990–2019.

In order to represent the rain forecasting system within SWMM, the same time series
of precipitation described above was adopted but anticipated by one day. In this way, the
real-time controls introduced in SWMM could work based on the fact that the rain was to
be expected in the following day.

2.2.2. Subcatchments and Rainwater Harvesting System

The site is characterized by two subcatchments: one represents the outdoor area with
a size of 10,190 m2, which is 25% permeable; the other represents four building roofs with
an area of 3500 m2; the total area is about 13,690 m2. The rainwater accumulated in the
detention basin will be re-used for toilet flushing.

The detention basin has an overflow weir at a height of 2 m. The tank flow outfall has
a maximum permissible flow rate of 8 L/s for each hectare of drained surface (local law),
i.e., with a maximum flow rate of 10.95 L/s.

2.2.3. Water Demand for Non-Potable Use

The building near the detention basin presents a dual water supply system and a flow
meter dedicated to toilet flushing. By analyzing the consumption of the building, intended
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for offices of about 400 workers, the daily consumption is about 10.13 m3. By calculating
5 days of work per week, the annual volume amounts to 2643 m3, which becomes 2653 m3

in the case of leap years. To model this water request in SWMM, a pump with a constant
flow rate and a series of working days corresponding to the simulated period was used to
control the pump shutdown periods on weekends.

2.3. System Configurations

To analyze the efficiency of the detention basin as a rainwater harvesting system
implemented through rainfall forecasting, 27 scenarios have been hypothesized.

Description of the elements of the configurations in Figure 5:

• Ac: subcatchment corresponding to the total drained area (about 1.369 hectares);
• VR: RWH tank with different maximum volumes (named X);
• VL: water volume in the detention basin (maximum value = 700 m3; maximum height

= 2 m);
• Pwd: pump dedicated to satisfying the water demand for non-potable purposes to

be used for toilet flushing, corresponding to 10.13 m3/d and operating on workdays
(from Monday to Friday);

• P1: discharge pump connected to the rainfall forecast system and to the receiving
water body;

• P2: discharge pump during rain events connected to the receiving water body;
• P3: replenishing pump, from the detention basin to the RWH storage, is activated

when the volume VR is lower than its predetermined maximum while VL is greater
than 0;

• TpR: overflow threshold located 2 m from the bottom of the RWH tank toward the
detention basin;

• TpL: overflow threshold located 2 m from the bottom of the detention basin spilling
toward the receiving water body.
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The different case studies analyzed are the following:

• Case 0: the real case with a pump that is activated if there is a volume greater than 0
in the tank;

• Case 1: the detention basin is equipped with an emptying system both in case of
precipitation and if rain is expected; this scenario is implemented with a rainwater
harvesting system, and the non-potable water is reused for toilet flushing;

• Case 2: the subcatchment is connected to a rainwater harvesting system that discharges
the excess water into the detention basin that, as in case 0, is equipped with a drain
pump and an overflow weir;

• Case 3: like case 2, the subcatchment is connected to a rainwater harvesting system,
and any excess of water, with respect to the capacity of the tank, is delivered into the
detention basin; the detention basin provides a control on the output so as to guarantee
accumulation on dry days to restore the water inside the RWH tank; at the same time,
it empties in case of rain and in a preventive way, thanks to a control system based on
weather forecasts.

The size of the RWH tank was assumed to correspond to a percentage of the volume of
the detention basin, which is equal to 3% (21 m3), 5% (35 m3), and 10% (70 m3). To evaluate
the efficiency of the system subjected to a control on the outputs connected to the weather
forecasts, in case 1 and case 3, four different types of control rules for the pumps have
been hypothesized:

• Type A: P1 status is on for 18 h to guarantee emptying of the tank when rain is
expected; P2 status is on during the rainfall event if the volume VL is greater than a
predetermined volume X; if P2 is active, then P1 goes off;

• Type B: P1 status is on when rain is expected which generates a flow rate greater than
10.95 L/s, which is the maximum discharge flow rate; P2 status is on during the rainfall
event if the volume VL is greater than a predetermined volume X; if P2 is active, then
P1 goes off;

• Type C: P1 status is on when rain is expected and the volume VL is greater than a
predetermined volume X; P2 status is on during the rainfall event if the volume VL is
greater than a predetermined volume X; if P2 is active, then P1 goes off;

• Type D: P1 status is on when rain is expected, which generates a flow rate greater than
10.95 L/s, and the volume VL is greater than a predetermined volume X; P2 status is
on during the rainfall event if the volume VL is greater than a predetermined volume
X; if P2 is active, then P1 goes off.

Figure 6 shows the schematic representation of the different types of control rules for
the pumps. The red line indicates the exceeding of the predetermined rainwater harvesting
volume X or the maximum discharge into the receiving water body.

In conclusion, 27 different scenarios were generated according to the 4 case studies
and the 4 types of control of the discharge in the detention basin.

2.4. Performance Assessment

Twenty-seven scenarios were modeled with SWMM 5.1, starting from Case 0, which
represents the real operation of the detention basin, then changing the RWH storage volume
(21, 35, 70 m3) in the different cases and implementing them (Case 1 and Case 3) with the
different types of control rules based on rainfall forecast. In particular:

• Case 0 was developed to simulate unmanaged discharge (real configuration) as a point
of reference to compare the performance of the other scenarios;

• Case 1 was modeled to evaluate the efficiency of the detention basin used at the same
time as an RWH tank, managing the discharge using a rainfall forecasting system
or during the event if the volume in the tank exceeds a determinate level. This case
makes it possible to evaluate the reduction in the outflow volume as the storage
capacity dedicated to the RWH system varies and according to the type of control on
the discharge;
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• Case 2 was modeled to compare, for the same volume, the level of efficiency given by
a RWH system compared to cases 1 and 3;

• Case 3 was modeled to improve the detention basin with a RWH system, with a
replenishing pump that connects the detention basin to the RWH tank to reintegrate
the water.
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Four different types of control rules were modeled to evaluate how they impact the
detention basin in terms of discharged volume and peak reduction, with the same volume
to be used for the RWH system.

For each modeled scenario, the efficiency of the RWH system was assessed in terms of
the following:

• Average efficiency of the system: Ek;
• Reduction in the total volume discharged in 30 years: Vk;
• Increase in peak flow discharged in 30 years: Ik.

Efficiency means the ability of the system to meet water demand for non-drinking
purposes. Efficiency was assessed annually to obtain an average value of thirty years of
modeling using the following formula:

Ei =
Yi
Di

·100 [%] (1)

where Ei (%) is the non-potable water-saving efficiency of the system; Yi (m3) is the non-
potable water supply; Di (m3) is non-potable water demand; all variables refer to the
i-year. The average efficiency of the long-term simulation (30-year) was calculated for each
modeled k-case, and it is calculated as follows:

Ek =
∑30

i=1 Ei

30
·100 [%] (2)

The reduction in the total volume discharged in 30 years Vk compares the different
scenarios with Case 0. Vk is calculated as follows:

Vk =
V0 − Vtot k

V0
·100 [%] (3)
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where V0 is the total discharged volume from the system in Case 0, and Vtot k is the total
discharged volume from the system k.

The increase in peak flow discharged Ik is calculated as the average of the percentage
increase in the individual events i, which occurred in the 30 years, in total equal to n,
weighed as a function of the discharge flow rate:

Ik = ∑n
i=1

(
Ii
k·

Oi
k

∑n
i=1 Oi

k

)
[%] (4)

where Ii
k is the percentage variation of the i-event compared to Case 0, that is calculated

as follows:

Ii
k =

Oi
k − Oi

0

Oi
0

·100 [%] (5)

where: Oi
k is the overflow of the i-event, referred to the case k, while Oi

0 is the overflow in
the Case 0 during the same event.

3. Results and Discussion

The modeling of the 27 scenarios leads to an assessment of the impact deriving from
the implementation of the detention basin with a system for water recovery, with different
control rules. Efficiency E, the reduction in the total volume discharged V, and the peak
flow increase I are reported in Table 1.

Table 1. Simulation results for each scenario.

Cases Efficiency E
[%]

Discharge[
m3

30 years

] Overflow[
m3

30 years

] Pre-Storm
Release[

m3

30 years

] Total
Discharge[

m3

30 years

] Volume
Reduction V

[%]

Total Overflow
Peak
[L/s]

Peak Flow
Increase I

[% ]

0 N/A 261,589 305 N/A 261,894 - 94.7 -
1-A-21 32.2 72,602 302 160,300 233,204 11.0 94.5 −0.2
1-A-35 35.9 55,040 302 174,842 230,184 12.1 94.5 −0.2
1-A-70 39.0 33,330 302 194,148 227,780 13.0 94.5 −0.2
1-B-21 45.2 208,128 325 9031 217,484 17.0 105.0 15.9
1-B-35 56.9 195,257 340 13,094 208,691 20.3 106.1 17.7
1-B-70 74.3 172,413 440 22,009 194,862 25.6 108.7 24.0
1-C-21 46.5 172,039 325 44,476 216,840 17.2 105.0 15.9
1-C-35 58.3 164,785 340 43,175 208,300 20.5 106.1 17.7
1-C-70 75.5 154,379 440 39,883 194,702 25.7 108.7 24.0
1-D-21 46.9 214,139 325 1153 215,617 17.7 105.0 15.9
1-D-35 58.6 206,029 340 1094 207,463 20.8 106.1 17.7
1-D-70 75.8 193,030 440 1074 194,544 25.7 108.7 24.0

2-21 51.8 213,248 301 N/A 213,549 18.5 93.8 −0.9
2-35 57.3 208,819 301 N/A 209,120 20.2 93.7 −0.9
2-70 75.0 194,751 301 N/A 195,052 25.5 93.6 −1.0

3-A-21 52.3 59,435 303 153,523 213,261 18.6 94.5 −0.2
3-A-35 57.7 45,146 303 163,446 208,895 20.2 94.5 −0.2
3-A-70 75.1 26,264 303 168,431 194,998 25.5 94.4 −0.3
3-B-21 67.1 191,690 325 8863 200,878 23.3 104.9 15.8
3-B-35 75.8 181,943 340 11,752 194,036 25.9 106.1 17.7
3-B-70 90.1 161,750 439 20,570 182,759 30.2 108.6 23.9
3-C-21 66.0 152,723 325 48,674 201,722 23.0 104.9 15.8
3-C-35 75.0 149,500 340 48,595 198,436 24.2 106.1 17.7
3-C-70 89.7 137,536 439 43,628 181,603 30.7 108.6 23.9
3-D-21 67.1 198,923 325 1114 200,362 23.5 104.9 15.8
3-D-35 75.8 191,463 340 1025 192,828 26.4 106.1 17.7

The 27 modeled scenarios were classified according to the case analyzed, the type
of control rules applied, and the volume dedicated to RWH; specifically, they have been
coded as follows:

n − T − xx (6)
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where n is the case, T is the type of control rules for the pumps, and xx is the volume
dedicated to RWH.

Table 1 shows the values relating to the following:

• Efficiency: defined by Equation (2);
• Discharge: the volume sent to the downstream system during the events;
• Overflow: the volume sent to the downstream system through an overflow weir;
• Pre-storm release: the volume sent to the downstream system before the rainfall event;
• Volume reduction: defined by Equation (3);
• Total overflow peak: the sum of the flow peaks discharged by the overflow weir;
• Peak flow increase: defined by Equation (4).

Table 1 shows that efficiency E has a range from a minimum value equal to 32% to a
maximum value of 90%; this means, for example, that 90% of the water demand for toilet
flushing is satisfied from the rainwater recovered, while the remaining 10% is replenished
from the water supply.

Figure 7 shows the efficiency of the modeled cases, calculated as indicated in Section 2.4,
according to the volume dedicated to the storage of rainwater.
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Figure 7. Water-saving efficiency for each scenario with respect to the three volumes (21, 35, 70 m3).

For each volume, the efficiency was reported for each case study analyzed, indicating
the types of controls on the output adopted. For each volume, there are three subcategories
related to the cases: Case 1 is the detention basin that acts as an RWH tank thanks to
the discharge controls; Case 2 is the RWH system; and Case 3 is the RWH system with a
replenishing pump from the detention basin to the tank to reintegrate the water.

Similarly, the discharged volume reduction results (Figure 8) and the peak flow in-
crease results (Figure 9) are reported graphically.

The total volume discharged refers to the total volume sent to the downstream system
over the 30 years, and it is given by the sum of the discharge that occurred during the
precipitation plus the volume discharged from the overflow weir; when the system presents
a rainfall forecasting system and related control rules on the discharge, then the emptying
discharge of the detention basin, in a preventive manner, is also added.

By observing the percentages relating to the volume discharged V, it varies from
a minimum of 11% to a maximum of 31%, i.e., always guaranteeing a reduction in the
volume discharged compared to Case 0. This indicates a positive effect on the hydrological
invariance of the detention basin in terms of maximum flow, connected to the RWH
system. The hybrid use of a detention basin controlled by weather forecasts improves its
performance by reducing the volume sent to the downstream system.



Water 2024, 16, 71 11 of 15

Water 2024, 16, x FOR PEER REVIEW 11 of 16 
 

 

 

Figure 7. Water-saving efficiency for each scenario with respect to the three volumes (21, 35, 70 m3). 

For each volume, the efficiency was reported for each case study analyzed, indicating 

the types of controls on the output adopted. For each volume, there are three subcatego-

ries related to the cases: Case 1 is the detention basin that acts as an RWH tank thanks to 

the discharge controls; Case 2 is the RWH system; and Case 3 is the RWH system with a 

replenishing pump from the detention basin to the tank to reintegrate the water.  

Similarly, the discharged volume reduction results (Figure 8) and the peak flow in-

crease results (Figure 9) are reported graphically. 

The total volume discharged refers to the total volume sent to the downstream sys-

tem over the 30 years, and it is given by the sum of the discharge that occurred during the 

precipitation plus the volume discharged from the overflow weir; when the system pre-

sents a rainfall forecasting system and related control rules on the discharge, then the 

emptying discharge of the detention basin, in a preventive manner, is also added. 

 

Figure 8. Volume reduction for each scenario with respect to the three volumes (21, 35, 70 m3). 

By observing the percentages relating to the volume discharged V, it varies from a 

minimum of 11% to a maximum of 31%, i.e., always guaranteeing a reduction in the vol-

ume discharged compared to Case 0. This indicates a positive effect on the hydrological 

invariance of the detention basin in terms of maximum flow, connected to the RWH sys-

tem. The hybrid use of a detention basin controlled by weather forecasts improves its per-

formance by reducing the volume sent to the downstream system. 

0%

20%

40%

60%

80%

100%

1
-A 1
-B

1
-C

1
-D 2

3
-A 3
-B

3
-C

3
-D

1
-A 1
-B

1
-C

1
-D 2

3
-A 3
-B

3
-C

3
-D

1
-A 1
-B

1
-C

1
-D 2

3
-A 3
-B

3
-C

3
-D

21 35 70

Ef
fi

ci
e

n
cy

 E
 [

%
]

Volume [m³]

0%

10%

20%

30%

40%

50%

1
-A

1
-B

1
-C

1
-D 2

3
-A

3
-B

3
-C

3
-D

1
-A

1
-B

1
-C

1
-D 2

3
-A

3
-B

3
-C

3
-D

1
-A

1
-B

1
-C

1
-D 2

3
-A

3
-B

3
-C

3
-D

21 35 70

V
o

lu
m

e
 R

e
d

u
ct

io
n

 V
 [

%
]

Volume [m³]

Figure 8. Volume reduction for each scenario with respect to the three volumes (21, 35, 70 m3).
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Figure 9. Peak flow increase for each scenario with respect to the three volumes (21, 35, 70 m3).

For the calculation of the increase in the peak flow rate, the events that make the
volume of the detention basin insufficient, i.e., those that cause the activation of the overflow
weir, simulated over the 30 years, were evaluated. Analyzing the modeling in detail, it
emerges that, in the long-term simulation, only two events cause the discharge through the
overflow pipe, both in Case 0 and in the other hypothesized configurations: they are the
critical events of 5 October 1990 and 18 September of 2005. In fact, in Bologna, the heaviest
events of the year occur in the months of September and October, and in general in the
autumn months, as shown in Figure 2.

The return period (TR) for these critical events is represented in Figure 10, which
shows a TR of 250 years for the 1990 event and a TR of 100 years for the 2005 event. These
TR values are greater than the 50-year return period used for sizing detention basins.

By observing the graph in Figure 9, as the volume changes, Case 2 and Cases 1 and
3 that use the same type of control on discharge A, i.e., the complete emptying of the
tank before the meteoric event, show negative values; for these configurations, there is
a reduction in the output peak flow and an improvement from the hydraulic invariance.
With the same volume, the peak flow increase remains constant for each type of control,
excluding type A, up to a maximum of 24%.
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Figure 10. Return period (TR) for the critical events of 5 October 1990 and 18 September 2005.

From the comparison of the graphs, it can be seen that as the volume increases, the
values of the three analyzed parameters E, V, and I also increase; in the case of efficiency
and discharged volume reduction, there is an increase as the cases and types of control on
the discharge vary: Case 1 is more similar to the respective E and V values of Case 2, while
Case 3 has a further increase in the level of efficiency and a greater reduction in volume,
except for the type of control A which in both Case 1 and Case 3 maintains a lower level
of E and V. By comparing this result with the graph relating to the peak flow increase I, it
can be seen that type A is closest to Case 0; in fact, there is a reduction in the peak equal
to 0.2%.

Figure 11 shows the percentage of efficiency E in relation to the percentage of dis-
charged volume reduction V for each modeled case study. The relationship between the
two parameters follows a linear growth trend; Case 3 is the one with the highest level
of efficiency and at the same time the greatest reduction in discharged volume for each
volume destined for reuse and any type of discharge control (Table 2).
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Figure 11. Relationship between volume reduction V and efficiency E for each case study.
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Table 2. Range of efficiency and volume reduction for each case analyzed.

Cases Efficiency Min.
[%]

Efficiency Max.
[%]

Volume
Reduction Min.

[%]

Volume
Reduction Max.

[%]

Case 1 32 76 11 26
Case 2 52 75 18 26
Case3 58 90 20 31

Table 2 shows the ranges of efficiency E and the discharged volume reduction V for
each case study; the growth of both parameters E and V is evident as the cases vary.

Table 3 shows the ranges of E and V as the type of discharge control varies. Type A
provides a complete draining of the detention basin if rain is expected; types of control B,
C, and D, on the other hand, provide for, in the first case (B), the preventive emptying of
the tank if rain is expected, which generates a flow greater than the maximum discharge
allowed in the downstream system; in the second case (C), the preventive emptying of the
tank until the volume assumed for reuse is reached; in the third case (D), the preventive
emptying of the tank is tied to the flow rate generated by the rain as type B and until
the pre-set volume for reuse is reached as type D. Analyzing the values shown in the
table, it can be seen how, by modifying the control rules on the discharge, type A differs
more from the others, while, for the other three types, the values of the parameters remain
almost unchanged.

Table 3. Range of efficiency and volume reduction for each discharge control type.

Types Efficiency Min.
[%]

Efficiency Max.
[%]

Volume Reduction
Min.
[%]

Volume Reduction
Max.
[%]

A 32 75 11 26
B 45 90 17 30
C 47 90 18 31
D 47 90 18 30

Analyzing the results obtained in terms of efficiency, Case 3, which provides for the
combination of the RWH tank with the detention basin that acts as a means of reintegration,
guarantees a high level of satisfaction of the water for non-potable uses; in fact, for the
hypothesized volumes (21, 35, 70 m3), the efficiency level varies from a minimum of 58% to
a maximum of 90%. This scenario involves the construction of a new reservoir to be added
to the existing one; this risks having a greater impact on the environment. In fact, from
the study carried out on the life cycle assessment (LCA) in a cradle-to-grave perspective,
the rainwater harvesting system displays poor environmental performance during the
production phase because the impact results grow together with the storage volume [27,28].
Case 1, i.e., the one that involves the hybrid use of the detention basin with a control on the
outlet to accumulate the water to be used for toilet flushing, is the one most in line with the
behavior of the traditional RWH system, represented by Case 2. This case ensures a good
level of efficiency (32 ÷ 76%), and it is able to reduce the volume sent to the downstream
system. The reduction in the volume sent to the body of water, or to the downstream
system in the case of combined sewers, also has an important effect in terms of pollutants
released into the environment.

Analyzing the results by focusing attention on the types of control, it can be highlighted
that, for the most intense events, lower volume availability, prompted by the desire to
guarantee a volume to be used for recovery, can lead to an increase in the peak of maximum
flow spilling into the downstream system; the exception is type A, which guarantees a
modest reduction in the peak flow rate, as it is the only control that does not guarantee a
minimum stored volume but provides for the complete emptying of the tank. Nevertheless,
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from the continuous simulation of the last 30 years of rain, there remain only two events
that cause the activation of the overflow pipe, regardless of the case: the volume dedicated
to reuse and the type of control.

The case study refers to an area in the city of Bologna in order to look more closely
at the feasibility and the ability of this system to respond to problems related to climate
change and urbanization; it is possible to hypothesize a more in-depth study by extending
it to different contexts both in terms of water for non-potable uses and of climatological
characteristics. Similarly, the use of green technologies, like green roofs, combined with the
technology presented in this study could lead to more extensive assessments that improve
the water quality collected and mitigate urban flooding.

4. Conclusions

The analyzed system represents a potential technological solution capable of exploiting
existing systems to meet multiple objectives in response to climate change and increasing
urbanization. The results obtained highlight the system’s potential in ensuring a supply
of water so as to satisfy a large part of the demand for water for non-drinking purposes,
reducing at the same time the volume of rainwater introduced into the downstream system.
The limit of this approach lies in the ability to have sufficiently reliable weather forecasts;
however, the rapid growth of technological systems for forecasting events and control
devices for real-time management makes it an increasingly viable solution.
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