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Abstract: The article contains the results of the first part of the research on the analysis of the
operation of the retention device cooperating with the drainage system—steerable detention tank
and concerns model simulation studies. The obtained results are an introduction to conducting
laboratory tests. The planned research was carried out on the basis of the theory of experimental
planning and hydrodynamic modelling, in which the systems of hydraulic parameters of the drainage
system and hydrological of the catchment were selected. In total, over a thousand hydrodynamic
simulations were carried out using SWMM 5.1. The planned analyses had two main goals. Firstly,
to verify the possibility of reducing the rainwater volume flow in the drainage system by means of
controllable devices enabling cooperation with the drainage system in various hydraulic conditions
of the drainage system. Secondly, determining the impact of the connection method (parallel or
serial) of the device enabling retention and cooperation with the sewage system on the efficiency of
the system. The conducted analyses showed that the use of a retention device cooperating with the
drainage system may significantly reduce the amount of sewage outfall from system, depending on
the capacity of a single micro-accumulator, even up to 83% (in the analysed data range). It was also
shown that the method of connecting the device to the network has an influence on the efficiency of
the system in depend on hydraulic conditions.

Keywords: on-site storage; detention facilities; drainage control; PLC driver; controlled underground
tank; drainage and underground tank cooperating; city flooding

1. Introduction

The most common problem in recent decades in urban hydrology is the increase in the
amount of rainwater directed to drainage systems, which results in the malfunctioning of
the city’s drainage infrastructure. The most frequently indicated factors affecting the current
state of urban water management include the increasing frequency of extreme rainfall
events [1–3], depletion of biologically active areas [4,5], waste of rainwater potential [6,7]
or even the nonprospective development of urban agglomerations [8,9]. As a consequence,
this leads to a disturbance of the natural water circulation in nature, resulting in an increase
in rainwater runoff, leading to urban floods and droughts is a significant and important
problem. This is confirmed by numerous studies, including [10]. The significance of
the problem is also confirmed by legislative measures, such as the planned fees for the
discharge of rainwater into the drainage system.

The issue of climate change is also important here, as it directly affects the amount of
rainfall and its nature, which often has to be taken into account in hydrodynamic modelling
of drainage systems [11,12].

Research and scientific work conducted in this area focus on two important aspects.
The first is to try to solve the problem at its root in terms of limiting the amount of
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rainwater directed to the drainage system, among which the most frequently used term in
research is the ideology of SpongeCity, LID (Low Impact Development) [13–15]. In their
work, Zevenbergen et al. [13] noted that an inherent element of rainwater management
systems in their country is monitoring the current conditions. They indicated that to a large
extent it could be implemented with the use of IoT (Internet of Things). This confirms the
assumptions of the authors of this study on the inclusion of IoT in the tested solution.

On the other hand, Meng et al. [14] pointed to the significant advantages of introducing
the sponge city ideology. In their research, they introduced a project which, in order to
enforce the use of LID facilities and their proper design, involves designing the sewage
network only for a capacity close to 40% of the amount of rainwater from rainfall. Such
an approach confirms the necessity to implement solutions for collecting excess water in
the case of extreme phenomena, and these include the device tested in this framework.
On the other hand, the second is the search for ad hoc solutions to prevent the negative
effects of emerging irregularities, among which the problem of rainwater retention is the
most frequently discussed. In their research, Drumond et al. [16] conducted a survey that
showed that greater knowledge of city storm water did not correspond to greater desire
among stakeholders to manage them. However, overall, respondents said that they had
benefited from using the local system for this water detention, and that willingness to use
this system was related to their socioeconomic class and level of wealth.

In other studies Drumond et al. [17], they conducted research on the water flow
characteristics in an urban system in which on-site reservoirs were used. They showed that
the analyses based on the common rational method differ significantly from the real flows
in systems containing this type of devices. This indicates the need to develop digital models
of individual solutions consistent with the generally available software for hydrodynamic
modelling of drainage systems.

As part of the research on specific technical solutions, Ngu et al. [18] conducted
research on the use of orifices choking the outflow from the outflow of on-site reservoirs.
They showed that the use of properly designed orifices significantly reduces the flow in the
system. Their conclusions were used in this study. The thesis was verified in relation to the
solution proposed in this article.

On the other hand, Rodney et al. [19] undertook to verify the effectiveness of the
operation of on-site tanks in the actual conditions of their operation in an annual cycle.
They pointed out that due to the way they are designed based on a specific rainfall event,
the assumptions of its operation may turn out to be incorrect in the annual cycle. Especially
when considering precipitation events occurring one after the other. It was a valuable
observation because it directed the authors of this study to pay attention to the need to
implement machine algorithms in the work of the tested solution.

An inseparable element of the functioning of specific technical solutions was the
economic research conducted by Bonane et al. [20], not only in the financial but also social
field. Their research revealed that not only in the financial but also social field not always a
solution aiming at greater economy for the micro level (that is, the subdivision) is the most
appropriate in terms of the environment, public health, welfare and social responsibility.

In terms of research on similar solutions, the works of di Matteo [21] can be distin-
guished, which proposed an on-site solution for tanks cooperating with the automation
system, the operation of which was regulated by filling sensors located in the chambers.
Their task was to control the method of emptying the tank on site. Contrary to the solution
presented in the research, however, they did not provide for two-way cooperation with the
drainage network, as is the case in the solution presented in this paper. On the other hand,
in the Pochwat study [22], the object of research was also solutions that were supposed to
improve the functioning of sewage systems by transforming their hydraulic system. In these
studies, an attempt was made to introduce efficiency coefficients that would be able to easily
assess the effectiveness of individual solutions. The introduced effectiveness coefficients
were based on the least hydraulically effective solutions (single-chamber tanks). Particular
attention is focused here on the solution of a modified multi-chamber reservoir, the structure
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and design of which are described in the paper [23]. On the other hand, the work [24] indi-
cates significant difficulties with the implementation of non-typical solutions for hydraulic
systems of detention facilities due to the lack of appropriate design methodologies.

The most important action is to solve the problem at the root of its creation, but in
many cases, solutions related to the SpongeCity ideology are very difficult to implement in
highly developed urban agglomerations. For this reason, this paper focuses on research
aimed at the application of ad hoc solutions that can be applied if the problem already exists
to a large extent and it is necessary to bring the system to a proper functioning situation.
That will constitute the basis for a further restrictive water management policy based on
rational drainage of rainwater and mainly their use. An ad hoc solution to the problem
may be the use of advanced steerable underground tank, whose task will be not only to
collect the water generated at the place where they are created, but above all to actively
cooperate with the drainage system.

Taking into account the problems presented, this research sets two main research goals:

• verify the possibility of reducing the rainwater volume flow in the drainage system
by means of controllable devices enabling cooperation with the drainage system in
various hydraulic conditions of the drainage system.

• determining the impact of the connection method (parallel or serial) of the device enabling
retention and cooperation with the sewage system on the efficiency of the system.

The obtained test results are the basis for further research on the real model of the
device in laboratory conditions.

2. Materials and Methods
2.1. Tested Device

The tested device is shown in Figure 1. This detention tank device is not a conventional
underground tank. First of all, the bottom of the inlet pipe is on the same level as the city
drainage conduit. Secondly, on the inlet pipe, there is an electro valve, which controls
the operation of the device, allowing for the outflow, closure, or inflow of rainwater.
Thirdly, the system is controlled by a Programmable Logic Controller (PLC) driver with an
algorithm written in Totally Integrated Automation Portal (TIA). The device under test in
the actual application shows the possibility of connecting two devices using the access for
the development of private land.
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Figure 1. Model of a steerable underground tank for sewage systems (control system with the driver 

not visible). 

 

Figure 2. An example of the solution’s implementation. 

 

Figure 3. Photograph of the device in laboratory conditions. 

Figure 1. Model of a steerable underground tank for sewage systems (control system with the driver
not visible).

As shown in Figure 2, the length of the working chambers and the direction of their
leading can be freely adapted to local conditions in order to use the free space under the
ground as much as possible. The steerable underground tank shown in Figures 1 and 2
was constructed and prepared for laboratory testing.
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Figure 2. An example of the solution’s implementation.

Figure 3 describes the individual elements of the device on the prepared prototype. In
the tank chamber and on the drainage pipe, there are installed ultrasonic sensors, which
send the information to the PLC driver.
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The idea behind the solution is to enable the network to cooperate with the tanks
installed on private properties. The hydraulics of this steerable underground tank makes it
possible not to differentiate the levels of the bottom of the network and reservoirs. This
approach will allow the tank to be filled and emptied without pumping equipment and
will increase the channel retention of the system. At the same time, research is planned to
introduce the possibility of leasing the capacity of reservoirs installed on private properties
for the operators of drainage networks (similar to PV panels). If there is no space in the city
for modernization of the drainage system, for example due to lack of space, an individual
investor, for example an owner of a home or a hypermarket, could install such tanks on
their premises and “rent their retention capacity”. The creation of such a possibility and
the carrying out of broader economic analyses will be the subject of further research.
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Other important features of the device include the possibility to control the device’s
(steerable underground tank) operation by means of a digital network in a forced, automatic
manner, also with the possibility of using prediction algorithms. This is performed by a
PLC controller, which also allows the device to be connected to the Internet of Things. This
approach allows one to monitor the transfer and collection of the data from the device.
The device’s measurement capabilities, combined with innovations in data management
and participation in the Internet of Things (IOT), provide a unique opportunity to connect
a large number of information-generating nodes (be it devices or people) to the process
of gathering relevant information. Especially in the field of water management, these
changes should be permanently adopted in the processes of water systems’ management.
The implemented control algorithm enables the proper operation of the device in various
hydraulic conditions. The device has also been prepared for the implementation of an
artificial neural network responsible for its operation, which is also a research topic for
development. Figure 4 shows a hydraulic section through the device.
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Figure 4. Illustrating characteristic fillings in individual sections of the device.

2.2. Methods

The research was based on analyses carried out on the basis of the numerical analyses
of the functioning of various configurations of drainage systems [25]. Digital simulations
were carried out with the use of the SWMM software. The methodological basis for the
functioning of the software (including SWMM 5.1.) is the de Saint-Venant system of
equations, which enables the determination of characteristic flows and filling in individual
sections of the system. The equations are shown in Equations (1) and (2) [26].
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Here, S0 is the riverbed gradient, y is the water depth, A is the cross-section area, g is
the gravitational acceleration, x is the longitudinal distance, v is the flow velocity, and t is
time. Equation (1) is the continuity equation, and Equation (2) is the momentum equation.
The basis for the simulation was the preparation of an appropriate number of models
of drainage systems characterized by different hydraulic parameters of the system and
hydrological catchment area. This was performed using the Design Of Experiments (DOE).
Based on the literature reports, the parameters that should be taken into account were
reviewed. Then, using the Statistica software, an appropriate plan of experiments was
prepared, indicating the necessary number of hydraulic/hydrological parameter systems
and the range of their values.

The implementation of this part of the research was based on the DOE, because the
performance of the complete research, the analysis of every possible variation of the variable
parameters of the catchment area, is unreasonable. The number of catchment configurations
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so obtained, necessary for testing, would be almost unlimited. On the basis of the developed
research plan, appropriate models were made in the SWMM program environment. Then,
each obtained model of the system was loaded with rainfall (time-varying rainfall was
obtained by transforming the Intensity Duration Frequency (IDF) curves in accordance with
the Euler procedure for rainfall type II) [27] with different durations of rainfall from 10 min
to even 30 min. The standard hyetogram Euler type II model has a discrete form. This
model is based on the assumption that the highest instantaneous precipitation intensity
(from the IDF curve) occurs at the end of one-third of its duration. For a five-minute time
discretization step, the interval with the highest intensity from the beginning of the IDF
curve is located at the end of 1/3 of the model precipitation duration. Subsequent intervals
with lower intensity are listed in descending order—to the left of the interval with the
highest intensity. The other interval intensities are also ranked in descending order, to the
right of the interval with the highest intensity, until the end of the precipitation time is
reached. An example of a transformation is shown in Figure 5.
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The aim of these studies was to determine the critical duration of rainfall in order to
determine the most unfavourable hydraulic conditions in the drainage system, i.e., those
that will generate the highest flow in the drainage system.

2.3. Key Study

In each of the analysed variants, a sewage system was considered with the geometry
shown in Figure 6, the hydraulic and hydrological parameters of which were changed in
accordance with the developed research plan presented in Table 1. The most important
difference should include the reference to the catchment area in variant WA, referring to the
entire system in ha, in turn in variants WB and WC with regard to a single partial catchment,
expressed in ha*10−2.
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Table 1. Acquired test plan with the conversion of code values into real ones.

Number Catchment
Area

Conduit
Gradient

Catchment
Gradient

Length of
Conduits

ha ‰ % m

1 10 2 0.5 100
2 15 2 0.4 100
3 5 2 0.3 100
4 10 2 0.4 150
5 5 2 0.5 150
6 15 2 0.3 150
7 15 2 0.5 200
8 5 2 0.4 200
9 10 2 0.3 200
10 10 3 0.4 100
11 15 3 0.3 100
12 5 3 0.5 100
13 10 3 0.3 150
14 15 3 0.5 150
15 5 3 0.4 150
16 15 3 0.4 200
17 10 3 0.5 200
18 5 3 0.3 200
19 10 4 0.3 100
20 5 4 0.4 100
21 15 4 0.5 100
22 5 4 0.3 150
23 10 4 0.5 150
24 15 4 0.4 150
25 5 4 0.5 200
26 10 4 0.4 200
27 15 4 0.3 200

On the basis of the developed research plan, catchments representative of each variant
were built. Each test plan (27 systems) was tested for 3 different flow reduction factors B
(0.35 0.5 0.65) and for different steerable underground tank surfaces (1 m2, 2 m2, 3 m2, 4 m2,
10 m2). In total, for the WA variant, 486 hydraulically different catchments were built, for
the WB-486 variant, for the WC-386 variant, and for the W_Flodding-324 variant:
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• Description of the WA variant:

The WA variant was characterized by connecting the working chamber of the micro-
accumulator directly to the drained partial catchment, which means that the nature of its
operation can be described as flow-through. The catchment areas presented in the research
plan refer to the entire sewage system and are expressed in hectares. The system cooperates
with a central network retention reservoir, as shown in Figure 6. An example of connecting
the analysed battery to the drained catchment is shown in Figure 7a.
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• Description of the WB variant:

The WB variant was characterized by connecting the working chamber of the micro-
accumulator directly to the drained partial catchment, which means that the nature of its
operation can be described as flow-through. The catchment areas listed in the research plan
refer to a single partial catchment area and are expressed in ha*10−2. Connecting the analysed
underground tank to the drained catchment is the same as in the WA variant (Figure 7a).

The system cooperates with a central network retention reservoir, as shown in Figure 6.
Compared to the WA variant, this is characterized by a generally smaller sealed area
of the catchment and reflects the use of the solution in the scale of a residential area of
single-family houses.

• Description of the WC variant:

The WC variant was characterized by the connection of the micro-accumulator working
chamber to the side of the drainage network, which means that the nature of its operation
can be described as parallel. The catchment areas listed in the research plan refer to a
single partial catchment area and are expressed in ha*10−2. An example of connecting
the analysed accumulator to the drained catchment is shown in Figure 7b. The system
cooperates with a central network retention reservoir, as shown in Figure 6. Compared
to the WB variant, this one is characterized by identical hydraulic conditions, including
the catchment area, and the difference is in the connection of the accumulator. As part of
the research, a number of hydrodynamic simulations were carried out with the use of the
SWMM 5.1 software, version 5.1.012. As part of the simulation, the catchment area was
loaded with critical precipitation. As a result of the research, hydrographs of rainwater flow
were obtained. The data obtained in this way constituted the basis for further analyses.

Analysis plan:

• Analysis of the quantitative reduction of wastewater leakage from the system thanks
to the application of the solution in question;

• Analysis of the possibility of reducing the maximum flow rate of sewage at the final
node of the drainage system;

• Analysis of the limitation of the capacity of the main tank in cooperation with the
solution in question.
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3. Result and Discussion
3.1. Analysis of the Quantitative Reduction of Wastewater Discharge from the System Thanks to
the Application of the Solution in Question

In the first step, the possible limitation of the amount of wastewater that occurs in the
system during the insufficient capacity of the drainage network was analysed. For this
purpose, the results of the amount of sewage discharged from the system in two variants
were compared. The first concerned the classic system, and the second concerned the
system equipped with steerable underground tanks.

As a result, four groups of results were created:

• Results of the overflow of wastewater from the system in the absence of the introduc-
tion of the steerable underground tank for sewage systems.

• The results of wastewater spillage from the system using the steerable underground
tank for sewage systems, with a working chamber area of 2 m2.

• The results of wastewater spillage from the system using the steerable underground
tank for sewage systems, with a working chamber area of 4 m2.

• The results of wastewater spillage from the system using the steerable underground
tank for sewage systems, with a working chamber area of 10 m2.

The assessment was carried out on the basis of the simulation results showing the
amount of discharged sewage from the system for models of sewage systems characterized
by different hydraulic and hydrological parameters and a different degree of reduction
of the flow of rainwater transported (0.35 to 0.65). In order to interpret the results, the
G parameter was introduced, described by Equation (3), which describes the ratio of
the difference in the amount of wastewater poured out in the absence of the steerable
underground tank (Vf (A0)) and the amount of wastewater poured out with the use of the
tanks (Vf (Ai)) with the surface i to the amount of wastewater poured out in the absence of
the analysed solution.

G =
V f (A0)− V f (Ai)

V f (A0)
∗ 100% (3)

Figure 8 shows the results of the analysis for the area of the working chamber of 2 m2,
while Table 2 summarizes the highest and the lowest G parameters. The parameters of the
drainage system resulted in a reduction of the amount of discharged sewage from 0 to 40%.
The 0 value on the diagram indicates that there is no leakage of wastewater, whether or not
the device under test is used. Thus, the average values were calculated from the events
in which the rainwater overflowed from the drainage system. The greatest reductions
were obtained with the greatest degree of flow reduction at the level of 0.65 (systems from
55 to 81). The smallest reduction was obtained with the smallest degree of sewage flow
reduction equal to 0.35 (systems from 1 to 27). The description of the hydraulic/hydrologic
parameters for each data chip number of the catchment are attached in Supplementary S1.

Similar tests were carried out with the working chamber area of the battery equal
to 4 m2. The results of the analyses are shown in Figure 9, and the smallest and highest
values of the amount of reduction of discharged rainwater are summarized in Table 3.
In this case, a greater maximum possible reduction of the amount of discharged sewage
was obtained, ranging between 0% and 67%. Similar to the area of 2 m2 of the working
chamber of the battery, the best results were also obtained for the largest reduction ratio of
0.65, that is when it is necessary to reduce the flow at the end node as much as possible.
Higher percentages of flow reduction, up to 67%, due to the larger surfaces of the working
chambers, i.e., the relatively higher battery capacity, are obvious.
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Table 3. The maximum and minimum values of the G parameter (for the area of 4 m2).

The Value of the G Parameter

Minimum value 0%
Average value 15.27%

Maximum value 67%

Similar results were obtained with the working chamber capacity of 10 m2. The results
of these analyses are shown in Figure 10, and the smallest and largest values of the flow
reduction are in Table 4. In this case, an even greater maximum possible reduction of the
amount of wastewater poured out was obtained, ranging between 0% and 83%. Similar
to the area of 2 m2 and 4 m2 of the battery working chamber, the best results were also
obtained here for the largest reduction ratio of 0.65, that is when it is necessary to reduce
the flow at the end node as much as possible. Higher percentages of flow reduction, up to



Hydrology 2022, 9, 217 11 of 18

67%, due to the larger surfaces of the working chambers, i.e., the relatively higher battery
capacity, are obvious.
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Table 4. The maximum and minimum values of the G parameter (for the area of 10 m2).

The Value of the G Parameter

Minimum value 0%
Average value 15.60%

Maximum value 83%

In all cases, a similar trend was observed: the higher the reduction coefficient the
system has and thanks to the use of the Intelligent Control System for individual rainwater
retention for sewage systems, the greater the (percentage) reduction of the amount of
wastewater spilling out of the system. At the same time, the greater capacity of the tank
(its projection area) results in a greater reduction of the flow rate. The most spectacular
results were obtained for a high level of beta flow reduction of 0.65, reaching 83%. By
analysing the smaller reduction of flow necessary to ensure (in the tests 0.35 and 0.5), the
use of the solution in question allows for the reduction of the amount of discharged sewage
in the range of 0 to 15%. Summing up, it can be stated that the application of the solution
in question in an organized drainage system with the assumed degree of flow reduction
in the drainage network may significantly reduce the amount of wastewater spilled and
the reduction of the volume flow of wastewater, which confirms the assumptions of the
operation of the solution.

3.2. Analysis of the Quantitative Reduction of Wastewater Discharge from the System Thanks to
the Application of the Solution in Question

The analysis was carried out for identical hydraulic conditions of the catchment area
and the sewage system, the WB and WC variants (the WA variant was a variant used
to confirm the observed properties). The purpose of this analysis was to determine a
possible transformation of the rainwater outflow curve into a curve characterized by a
lower degree of the maximum rainwater flow for the two indicated variants. The conducted
analysis allowed indicating which of the methods of connecting the Intelligent System for
controlling individual rainwater retention for sewage systems in relation to the sewage
network and catchment area is more hydraulically advantageous. For the purpose of the
assessment, the parameter K (Equation (4)) describing the ratio of the maximum flow of
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rainwater in the variant connecting the WB solution in question to the maximum flow of
rainwater in the variant WC was introduced.

K =
QWB
QWC

(4)

Figure 11 shows the results of the analysis of the K coefficient value, while Table 5
summarizes the highest and the lowest value of the K parameter. The conducted analyses
show that when using the Intelligent Control System for individual rainwater retention
for sewage systems, regardless of the parameters of the drainage system, it is necessary to
connect the solution in question in the WB option, i.e., treating the tank in series. From the
results of Table 5, in the most advantageous case, the use of the connection of the solution
in question in the WB variant allows for a significant reduction of the flow rate, and the K
index is from 0.42 to 0.99. The value of 1 was not exceeded in any case. This shows that, in
each of the analysed cases, it is more advantageous to use the WB variant because it allows
for a greater reduction of the flow.
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Table 5. The maximum and minimum values of the K parameter.

Area of Steerable Underground Tank Chamber, m2 1 2 3 4 10

Minimum value 0.433 0.424 0.424 0.428 0.438
Average value 0.910 0.907 0.908 0.905 0.916

Maximum value 0.994 0.999 0.996 0.993 0.999

An exemplary transformation of the rainwater runoff curve at the lowest point of the
system is shown in Figure 12 for the WB variant and Figure 13 for the WC variant. Due to
the excessive number of results (over 840), the analysis compiled the results for one selected
example, Systems 8, 89, 170.251, 331, and 413. The selected systems are characterized by
the same hydraulic and hydrological parameters of the catchment area and the same value
of the flow reduction coefficient, but they differ with the surface of the tank.
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Figure 13. Outflow hydrograph transformation for Systems 8, 89, 170, 251, 331, and 413 (WC variant)
and for the area of steerable underground tank chambers equal to 0 m2 (A0), 1 m2 (A1), 2 m2 (A2),
3 m2 (A3), 4 m2 (A4), and 10 m2 (A10).

Table 6 summarizes the maximum and minimum values of the intensity of rainwater
runoff for the analysed variants.
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Table 6. Maximum and minimum values of the intensity of rainwater runoff for the analyzed variants.

Number of Tested Systems
(Data Chip Number) Maximum Value of the Inflow Intensity, dm3/s

WB WC

U8 0 120.314 120.314
U89 1 113.426 119.145

U170 2 112.332 118.615
U251 3 112.339 117.386
U332 4 111.792 116.415
U413 10 105.081 109.296

3.3. Analysis of the Quantitative Reduction of Wastewater Discharge from the System Thanks to
the Application of the Solution in Question

Another analysed aspect is the capacity of the main reservoir shown in Figure 6. In
this analysis, its required capacity was taken into account to prevent the possibility of
wastewater from overflowing from the drainage system. The simulations carried out in
this area allowed assessing to what extent the use of the Intelligent System for controlling
individual rainwater retention for sewage systems will allow limiting the capacity of the
retention reservoir. The analyses were carried out depending on the type of connection of
the solution in question, at the same time taking into account the different surface areas of
the working chamber, which ultimately affect its capacity. Conducting this analysis required
the determination of the required capacity of the main reservoir in the WB variant and
then in the WC variant for each of the analysed systems of the hydraulic and hydrological
parameters of the catchment area and the sewage system. The obtained test results are
shown in Figure 14. From the presented results, it can be initially estimated that the
connection of the solution in question in the WB variant allows for a greater reduction of
the required capacity of the main tank than in the WC variant.
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Figure 14. Required capacity of the main tank for WA and WC variants.

Depending on the number of the system (data chip number of the analysed set of the
hydraulic and hydrological parameters of the catchment area and the degree of reduction
of rainwater flow in the system), the capacity of the main reservoir for the same rainfall
conditions is between 150 and 600 m3. A further evaluation of the individual variants was
made in order to determine the difference in the capacity of the main tank ∆V, which is
described by Equation (4). The obtained results are shown in Figure 15.

∆V = VWC − VWB (5)
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Figure 15. The influence of the working chamber surfaces of the steerable underground tank for
sewage systems on the limitation of the required capacity of the main tank.

The simulations show that not in all hydraulic conditions is it more advantageous to
use an intelligent system for controlling individual rainwater retention for sewage systems
in the WB variant. In the vast majority of cases (432 analysed systems), positive values
were obtained, which indicates the benefits associated with the WB variant. However,
there were also systems (92, 100, 127, 154, 181,173, 208, 235, 254, 262, 289, 335, 343, 370)
in which negative values were obtained, lacking the greater benefits of using the WC
variant. The undertaken research topic in the field of cooperation of micro-accumulators
with a drainage network without the use of pumping devices is not a frequent topic of
scientific consideration. However, it should be of particular importance when considering
improving the functioning of city drainage. Nevertheless, few centres undertake research
on similar on-site solutions, which have significant potential in regulating urban water
management. The authors of the studies [19] came to similar conclusions and proposed the
use of micro-accumulators (on-site). In their considerations, they indicated that the scale of
peak flow reduction associated with the use of similar devices increased with the increase
in the size of the tank, from 15% to 38% for tanks with a capacity of 1 to 2.5 kL, up to 39%
and 48% for tanks with a capacity of 10 kL. However, they analysed one possible way of
connecting these tanks, analogous to the WB variant described in these studies.

In the field of wastewater retention, tests are often carried out, e.g., in the field of
the functioning of single-chamber reservoirs [28], in which it has been shown that their
retention efficiency is limited and largely dependent on the difference in levels between the
inlet and outlet channels. On the other hand, research on a different approach to rainwater
retention, i.e., the use of canal retention, indicate that the appropriate design of the drainage
network without the use of additional capacity devices can transform the sewage network
into a single-chamber reservoir. They showed that, in this way, it is possible to reduce the
rainwater flow [29].

Taking into account that, at the present stage of development of many cities, it is
necessary to introduce ad hoc solutions, and this article aimed to direct the interests of
researchers in this direction. Therefore, this article is a response to the currently diagnosed
problems and signals further research topics focused on, inter alia, the economics in terms
of the possibility of leasing the retention capacity of micro-accumulators and in the field of
cooperation of green energy with the applied solutions.

4. Conclusions

The progressive urbanization of the city that runs without rational water and sewage
management, including the increase of biologically active areas or the use of an increased
number of LID-type objects, significantly deteriorates the parameters of drainage systems.
In order to improve them, it becomes justified to look for ad hoc solutions that will im-
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prove the functioning of urban infrastructure. An example of such a solution may be the
widespread use of steerable underground tanks actively cooperating with the drainage
network. Their particular advantage is the possibility to lease their retention capacity to
local city managers. The automation used in them will not only significantly improve
the parameters of the system, but also enable connection to the Internet of Things. The
widespread use of such a solution on the scale of the entire housing estate or part of the
urban catchment area may significantly reduce the flow rate of rainwater in the sewage
system, and the degree of their effectiveness is limited only by their available capacity. The
study led to the following conclusions, both practical and cognitive:

• The use of steerable underground tanks depending on the hydraulic parameters of the
catchment area significantly reduces the amount of wastewater discharged from the
sewage system. In the most favourable cases, the reduction of the amount of wastewa-
ter poured out may amount to 40% for the surface of the working chamber of 2 m2,
67% for the area of 4 m2, and 83% for the area of 10 m2. This indicates that additional
benefits may come from using this solution as high-capacity network objects.

• The use of the steerable underground tank in the WB network connection variant
brings greater results than in the WC variant. The analysis based on the K parameter
indicated that the reduction in the flow between the variants was as high as 58% (K
parameter equal to 0.42). In the least-favourable cases (catchment systems), there was
no difference in the reduction of the flow rate resulting from the method of connecting
the solution to the network.

• Not in all hydraulic conditions, connecting the device in the WB variant to a greater
extent limits the amount of wastewater poured out of the system. The analysis
of the ∆V parameter showed that, in some hydraulic systems (i.e., with a specific
variation in the hydraulic and hydrological parameters of the catchment area), it is
more advantageous to connect the device in the WC variant. Therefore, the choice of the
method of connecting the device to the network should be preceded by hydrodynamic
analyses of the greater part of the catchment area.

• The application of steerable underground tanks significantly reduces the capacity
of the main reservoir (in the analysed systems, it can even reach 60 m3) and allows
limiting the amount of rainwater discharged from the system. The maximum value of
the reduction in the capacity of the main tank is determined only by the total capacity
of all steerable underground tanks used.

• The use of net damming gates can significantly increase the efficiency of the tanks
used. Thanks to the use of throttling, reductions of up to 40% can be achieved.

• The effectiveness of the presented solution is strictly dependent on the ratio of the
capacities of the presented steerable tank and the capacity of the entire sewage network
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