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Abstract: Nature-based Solutions (NBS) as green infrastructures to urban drainage, has proven to
be an effective mitigation strategy both in terms of quantity and quality of runoff. The Real-time
Control (RTC) can complement to both flood mitigation and improvement of water quality through
the control of the elements of the drainage and sewage system. This study assessed the improvement
opportunities of three NBS related techniques commonly applied in urban drainage with different
spatial scales were selected: green roof, bioretention and detention basin when applied with RTC
and the remaining challenges to integrating both methods. Additionally, our investigations showed
that the main difficulties reported involve the planning stage of the RTC system. All of the studied
devices can benefit from RTC. It is possible to observe that despite the good results reported in the
literature, the application of RTC at the NBS studies on urban drainage are very recent. There are
several opportunities that can be explored to optimize the performance.
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1. Introduction

Urban development and the impervious surfaces growth increase the volume of stormwater
runoff, the associated peak flow, pollutant loads and concentrations, in addition to reduce the runoff
concentration time [1]. Besides, the climate changes tends to aggravate the impact on urban drainage
systems due to the increase in the occurrence of extreme events [2]. The traditional solutions to flood
control is to enlarge the drainage system infrastructure or expand the capacity of existing structures
in order to rapidly transport water to downstream [3,4]. However, in addition to not solving the flood
problem, the costs associated to these solutions are high and, as urbanization advances, new
expansions are needed at the systems.

In this way, the stormwater source control approaches gain prominence as viable solutions for
improving urban resilience that, in a decentralized manner, allows a reduction in the impact of
natural disasters and impacts caused by environmental changes both quantitatively and qualitatively
[5-7]. The Nature-based Solutions (NBS) are solutions inspired, which use and/or are supported by
nature and are defined as living solutions in which processes and structures are designed to meet
different environmental challenges, while simultaneously providing several economic, social and
ecological benefits [8,9].

Regarding to urban drainage, NBS are associated with the concept of Low Impact Development
(LID). By analyzing a historical context, the LIDs initially aimed to reintegrate the excess runoff into
the hydrological cycle [10]. With the advances of techniques, the LID incorporated objectives to
mitigate the impacts caused by climate change, in addition to proposing to reintegrate the volume of
water drained into the basin through local reuse [11, 12]. Therefore, incorporating future medium
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and long term time scales, considering the increased occurrence of extreme flood and drought events,
and aiming at recycling and comanagement of resources, LIDs can contribute to different United
Nations Sustainable Development Goals (UN SDG).

LIDs stand out for providing reduction of peak flow and diffuse pollution through related
physical-chemical process such as filtration and drainage layers at the systems [10]. However, dispite
the most varied designs, these systems are projected to function passively, i.e they are not adapted
for internal storage (formation of a saturated layer) or free drainage to optimize aerobic, anaerobic
and/or hydraulic process at the layers [13].

In this way, the application of techniques such as Real-time Control (RTC) can assist in the
system operation and optimization. The RTC allows to modify the state of one or more elements in
which it adjust the system configuration based on continuous monitoring and/or forecast [14]. The
first RTC application in urban drainage was implemented in Minneapolis (USA) in the late 1960s [15].
Since then, RTC strategies have been developed and applied in several urban drainage systems
around the world, especially in Europe and North America, generally with the objectives of reducing
storage tanks volume in Combined Sewage Overflow (CSO) systems, to prevent urban flooding or
minimizing operacional costs [15,16].

However, applying RTC to urban drainage has several operational challenges. [17] indicates
that, although a large part of the monitoring, data transmission and even control elements necessary
for the operation of the RTC are already available in the urban drainage system, the type and scope
of the elements necessary for the application of the RTC occurs in function of the complexity of the
system. Another determining factor for the use of RTC is the control strategy, since it can be
decentralized or centralized, and, when opting for more sophisticated systems that rely on automatic
sensors, acquisition, data processing and control of the actuators, the practical implementation can
be expensive [18].

Despite the reported benefits of the NBS and RTC application in the urban drainage systems,
there is only few literature on the application of the two techniques together. Therefore, this paper
aims to qualitatively explore the opportunities for joint application of both techniques (NBS + RTC),
report the main challenges found in the literature regarding the integration of RTC and perform a
comparative analysis of NBS techniques and their potential benefits associated with application of
RTC. The RTC identification of how RTC can contribute to different techniques, accentuate the
potential benefit and identify the application challenges aims contribute to the 16" unsolved problem
in hydrology: “How can we use innovative technologies to measure surface and subsurface
properties, states and fluxes at a range of spatial and temporal scales?”[19].

2. Predominant NBS, RTC history and opportunities

Among the NBS applied to the urban drainage system, we selected different techniques in order
to analyze different application scales. To property scale, green roofs were selected. At street scale
drainage system, bioretention were selected. And to neighborhood to watershed scale, detention
basins were investigated. For this study, a brief literature review on the operation, design and
experimental results of these techniques was carried out, as well as, when applicable, the history of
RTC application. In each technique, it was also indicated where the RTC can act to enhance the
existing benefits or even bring new uses to the device.

2.1 Green roof

In developed cities, roof areas account for about 40-50% of total impermeable surfaces urban
areas [20]. Therefore, in urban areas, the application of green roofs has growing attention due to
environmental benefits and energy efficience. A green roof is a layered system containing a
waterproofing membrane, growing media (usually a soil mix) and the vegetation layer itself. Green
roofs often also include a root barrier layer, drainage layer and, where the climate necessitates, an
irrigation system [20].

The most vital and interesting part of the development of green roof is the selection of vegetation
layer, which maximize the green roof life. The success of green roofs depends on plant's health [21].
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Vegetation/Plants of green roofs improve the runoff water quality [22,23], air quality [24] and reduce
the heat waves at the roof surface [25]. Therefore, the optimum selection of this growing media must
be necessary for the success of a green roof [21]. The choice of the substract should be based in several
characteristics as weight of the substract, hydraulic conductivity, moist weight, longevity and plant
support and by the given sorption capacity of the substract [22,26]. Most of the green roof benefits
are directly correlated with the substrate of green roofs such as water quality enhancement, runoff
reduction, peak flow reduction and thermal benefits [27-29]. To separate the growing media from the
drainage layer, a filter layer of green roofs is used to prevent smaller particles such as soil fines and
plant debris from entering and clogging the drainage layer [21].

Several studies shows that green roofs can reduce the surrounding air temperature [20],
Stormwater retention to reduce peak flow and runoff [26,30,31], water quality enhancement for water
utilization [21,22], Air cleaning for easy comfort into urban areas [31], noise reduction [32], ecological
benefits [21,23,25], social and economic benefits [33].

Green roofs also can also storage water to re-use purpose witch offers a sustainable and
aestethical treatment solution to irrigate the green roof at dry periods or as a supplemental water to
non potable use [34]. The green blue roof is a modified green roof with an additional storage layer to
achieve both reduction of peak flow, water reuse and to reduce heat waves at the roof surface [35].

No specific literature was found on RTC over green roofs, but as the technique allows to storage
water, the RTC can improve some of the objectives at green roofs. The green roofs can function as
water storage tanks which are applied in several cases with RTC at urban drainage [15,36], with the
pre-treatment benefits of green roof media and vegetation. Even descentralized RTC can improve the
water quality at the reservoir bypassing the first flush of stormwaters, control the water level at the
reservoir and avail the water to maintain the vegetated layer. At an urban watershed, centralized
RTC applied at green roofs can delay the peak runoff and improve the water quality simultaneously
as the individual reservoirs are controlled to optimize the objective.

2.2 Bioretention

The bioretention systems, are techniques that uses soil compositions and vegetations to promote
stormwater runoff infiltration, evapotranspiration, pollutant removal and uptake by plants, in
addition to provide aesthetic and social benefits [1,37]. Generally, the bioretention systems are
composed from top to bottom of vegetaded layer, a soil mix media layer also called filter media, and
a drainage layer typically composed by coarse aggregate.

The vegetation is an important element of bioretention systems and contributes to the
hydrologic function above, at, and below the filter media surface, through plant interception of
rainwater, surface flow regulation, water infiltration modification, and plant transpiration [38]. The
selection of the vegetation is decisive to the required design treatment, as the vegetation have an
important role in pollutant removal and plant uptake. The vegetation is also responsible for media
stabilization and to minimize the media movement in the bioretention cell, improving the long term
TSS removal [39]. The vegetation also assist the nitrogen removal through biological, hidrological
and plant uptake mechanisms, phosphorus removal by plant uptake, plant alteration of the media
and the reintroduction of phosporus bye the senesced biomass, can facilitate metal removal through
direct plant uptake including hyperaccumulation [39—42].

Related to the drainage layer design, the bioretention cells are divided in free draining and with
internal water storage. Free draining have shown good results at literature, but are domintated by
aerobic conditions and lack to perform both nitrification and denitrification [42—44]. Therefore,
bioretention cells with interal water storage promote aerobic and anaerobic conditions favoring both
nitrification and denitrification [13,45].

The literature shows both quantitative and qualitative favorable results. Numerous studies have
indicated that bioretention systems are very useful to control runoff in urban areas, with runoff
reduction of 36-96% depending on the rainfall intensity [1,46,47]. A bioretention system can also
increases the time of concentration [1,48].
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Although, some concern has been raised that bioretention performance is affected by clogging,
caused due to the presence of small-sized silt and fine particles in the run-off [47,49]. Bioretention
facilities are effective to improve the water quality in urban areas. Different field studies have shown
that bioretention cells can remove the metals commonly found in urban drainage such as Zn, Cu, Fe,
Cd, Mn and Pb [41,43,50,51]. Nutrients removal depends on media type, drainage configurations and
the vegetation, although several studies show a removal efficiency of 32-97% for total nitrogen and
29-85% for total phosphourous [46]. Bioretention cells also presents a high TSS removal from the
drainage system, reaching over 99% of removal rate [46].

Specific studies of a descentralized RTC at bioretentions cells are recent. [52] studied treatment
of stormwater to harvesting and reuse. The author used two low-cost implementation strategies for
both new cells and for cells already built and found that bioretention with RTC can mitigate the
negative effects of short and long dry periods and mitigate the influence that large inflow volumes
have on the treatment of faecal microbes. [13] analyzed several RTC schemes in bioretention columns
to improve water quality. The most notable water quality improvement was related to nutrients,
while the static system performed best to ammonium by more than 40% and columns with internal
water storage removed more nitrate by more than 73%. They also suggest that active control and RTC
may strike a balance between traditional free drainage and internal water storage systems. However,
scientific gaps stills exists on RTC on bioretentions systems, such as lacks in questions about
centralized analysys over several bioretention cells, quantitative aspects of runoff and peak flow
reduction and multiple objectives RTC.

2.3 Detention basin

A detention basin is a structural measure to manage floods by temporarily storing a portion of
the incoming water volume in selected areas [53]. The outflow from the detention basin depends on
the type and size of the outlet structure. A detention basin has at least one primary outlet, such as an
orifice, weir, or riser type outlet, to pass the regulated flow from the basin and one secondary outlet
(emergency spillway) to pass the overflow above the basin storage during rainy seasons [54].
Conventional detention basins are designed for flooding protection purpose, the measure have little
water quality benefits, although some design strategies can improve the pollutant removal. [55]
develop a two stages detention basin. The bottom stage has a small outlet to promote settling of
pollutants, while the top stage remains dry except during large storms.

Detention basins can also be classified as inline or offline. While inline basins may cause water
to build up and flood land upstream, offline basins do not create any barriers to sediment transport
and fish migration [53]. Also, properly designed offline basins are often turned into wetlands,
enhancing ecological diversity, or recreational areas [56].

Detention basins are large-scale devices and are directly connected to urban drainage system.
Several results shows that detention basins have good performance avoiding flood downstream,
however water quality can be an issue [57]. The detention basin cycle over rainy and dry seasons can
accumulate sediments. [58] characterized the sediments in a 32,000 m® detention basin in order to
infer their contamination and health hazards. The detention basin was found to have high metal
concentrations and polluted by faecal bacterias.

In order to improve quality performance at detention basins, [57] used RTC algorithms to control
a simulated detetion basin. While passive device have shown 64% of TSS removal efficiency, the
performance of detention basin with RTC were 95%. [59] studied the aplication of RTC in detention
basins as adaptation in mid-size cities. The author concludes that when applied locally, RTC makes
it possible to qualitatively and quantitatively manage the whole range of rainfall events in a given
year and to better face any possible changes in future precipitations. In the case of smaller events,
closing the control gate helped increase detention time and, therefore, has the potential for improved
water quality before this water is discharged into the receiving water body.

Despite the incipient applications of RTC in detention basins, there are several application
opportunities. [56] analyzed an offline detention basin with passive and active controls, although
RTC algorithms could be applied to this scenario to evaluate both quantitative and qualitative
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performance at an ecobased design. Multiobjective RTC also could be applied to reduce TSS and
therefore the contaminants. RTC also can be applied in an integrated manner with urban drainage.

3. Challenges to apply RTC at NBS

Planning a RTC system is a complex process [16]. Asitis a system that has a high implementation
cost, some decisions must be made in the planning stage [17]. An important decision at this stage is
to define whether the system will be centralized or decentralized. Centralized systems tend to
perform better, since the management is performed in an integrated way, however they are more
complex, expensive and need central control [17]. Alternatives aiming at spatially distribution, such
as green roofs, include even greater complexity compared to centralized systems, since they would
require a large amount of equipment for monitoring and control, being more feasible in these cases
to use a more decentralized approach. Regarding bioretention cells, the scale of application can
influence the decision on the type of control, while for detetion basins, since it is a device usually
located in low points of the basin, the centralized approach is more interesting, as it can adapt its
operation depending on the state of the drainage system.

Another important factor in the implementation of RTC systems is the monitoring and control
equipment. However, when it comes to NBS, there is an extensive literature on sensors of the most
varied types and functions, since the measuring techniques for the different variables and parameters
for each technique evolved in parallel with the experimental studies. Therefore, a large part of the
cost necessary for the implementation of monitoring equipment has already been applied to NBS
techniques. The large part of the cost needed in this step would be to transmit the data in real time,
as well as with the control devices. [59] reviewed the main technical requirements of sensors for
installing a system with RTC.

The RTC often requires a mathematical modeling of the system and short term forecast, therefore
the implementation of these aspects may be time and cost expensive and can increase the uncertainty
depending the nature of the system [16]. The reliability of the system have to be discussed as a failure
could impact both the runoff and water quality causing flood events and decreasing water quality.
Consequently, the maintance of the system cannot be neglected due to the negative effects that can
be caused by the failure of the system [17,60]. Although little mentioned in the literature on RTC in
urban drainage systems, it is also important to account with the cyber-security. Since RTC systems
rely on online connections to receive data and send controls, hacker attacks can impair the
functioning of the devices.

4. Comparative analysis and Discussion

Despite the differences in the analyzed techniques scale, it is possible to make a comparison
between the different NBS in order to summarize what was discussed about the opportunities and
challenges of RTC implementation. The Table 1 summarize the comparative analysis:

Table 1. Comparative analysis on discussed NBS to RTC implementation

Descentralized Centralized

therl;1frucl‘e on RTC RTC Impl:)nset!:tatlon
possibilities possibilities
Green roof = + —+ ++
Bioretention F ++ o —+
Detention basin + + ++ =

1 The implementation costs depend on the sensors and equipment that are usually found in the respective
literature of each technique.

From the studies on the application of RTC in NBS, it is possible to observe that few papers have
been published on the topic. Since no specific studies for RTC were found on green roofs, this
technique was evaluated as having the lowest performance in this regard.
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For decentralized real-time control applications, bioretention presented a greater potential than
other techniques, since bioretention cells allow good results, both in terms of runoff quantity control
and water quality improvement, although there is also a potential for improvement for other
techniques in a decentralized application form. Here, we emphasis on green roofs, as they are
techniques applied on a smaller scale and require a reservoir structure that is not always present in
the its design.

For centralized applications, detention basins are more recommended, as they work on a larger
scale and can be integrated with the drainage system. Green roofs can also benefit from centralized
controls, however the complexity is relatively high, since for a watershed drainage scale it would be
necessary to apply a large amount of green roofs for the effect to be positive. As the literature on
bioretentions shows applications with different scales, the device can benefit from centralized
controls for specific cases of application in watershed scales.

The scale of the green roofs also help in this cost increase, since each green roof must have its
own monitoring structure, leading to a higher number of sensors employed and a sending and
receiving data structure more expensive than for the other techniques. For bioretention techniques,
the cost of implementation depends strongly on the device design. If the device already has a
structure for storage and/or underdrain, the cost is reduced. For detention basins, most devices are
already in installed or in operation, making real-time control cheaper than when compered to other
techniques.

5. Conclusions

In this paper, the challenges and opportunities of applying RTC in NBS were evaluated. Three
techniques commonly applied in urban drainage with different spatial scales were selected: green
roof, bioretention and detention basin. A brief review of the design of the techniques and the results
was carried out, both for runoff quantity and water quality. The existing literature on the application
of RTC in these techniques was also evaluated. From these observations, several opportunities for
application of RTC have been reported.

For green roofs, no specific literature has been found on RTC. However, as the technique has the
possibility of storing water, the RTC can be employed to work similarly with water storage tanks,
since the last one has already RTC applications in urban drainage. Additionally, green roofs have the
advantage of a pretreatment due to the soil and plants, when compared to water storage tanks.

Bioretention studies have already been carried out with RTC application and the results were
positive, both adding versatility to the device, allowing to treat ammonium and nitrate through the
variation of aerobic and anaerobic zones, and improving the water quality in general for different
reuses, such as in households or agricultural. However, there are still scientific gaps for the RTC
implementation on bioretention, such as multi-objective analyzes, centralized controls with the
drainage system, in addition to a quantitative analysis of the effects of RTC on the bioretention cells.

Studies have also assessed RTC in detention basins. It was possible to notice that RTC improved
the detention basins performance both for water quantity and quality. In this case, the study
opportunities on RTC for active control of the detention basin involve different designs, since offline
detention basins have great potential for improvement with RTC, or multi-objective algorithms for a
simultaneous assessment of runoff quantity and quality.

The main difficulties reported involve the planning stage of the RTC system. The decision of the
system to be centralized or not, the mathematical models involved in the process, the forecasting
system, as well as the costs involved in monitoring and transmitting data.

It is possible to observe that despite the good results reported in the literature, the application of
RTC in NBS studies on urban drainage are very recent. There are several opportunities that can be
explored to optimize the performance of devices that have already been proven their functioning,
aiming to reduce the problems caused by urbanization and climate change in a sustainable manner.
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