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Abstract

:

Traditionally, urban stormwater infrastructure systems consist of passive infrastructure that is not actively controlled in response to rainfall events. Recently, real-time control (RTC) has been considered as a means to significantly increase the capacity and lifespan of these systems. This paper introduces the target flow control systems (TFCS) approach, which can use real-time control of systems of storages to achieve the desired flow conditions at the locations of interest. The first distinctive feature of this approach is that it does not require calibration to catchment-specific data, unlike existing approaches. This means that the TFCS approach is generally applicable to different catchments and is able to respond to future changes in runoff due to land use and/or climate change. The second distinctive feature is that the approach only requires storage-level information measured in real time with the aid of low-cost pressure sensors. This means that the approach is practical and relatively easy to implement. In addition to the introduction of the novel TFCS approach, a key innovation of this study is that the approach is tested on three case studies, each with different physical configurations and stormwater management objectives. Another key innovation is that the TFCS approach is compared to five RTC approaches, including three of the best-performing advanced approaches from the literature. Comparisons of multiple RTC approaches that consider both performance and practicality across multiple case studies are rare. Results show that the TFCS approach is the only one of the five control approaches analysed that has both the best overall performance and the highest level of practicality. The outcomes highlight the potential of the TFCS approach as a practical RTC approach that is applicable to a wide range of catchments with different stormwater management objectives. By maximizing the performance of existing stormwater storages, the TFCS approach can potentially extend the lifespan of existing infrastructure and avoid costly upgrades due to increased runoff caused by land use and climate change.
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1. Introduction


Traditionally, urban stormwater infrastructure systems consist of passive infrastructure that is not actively controlled in response to rainfall events. However, it has been recognized recently that the capacity and lifespan of these systems can be increased significantly by using real-time control (RTC) [1,2]. This is because RTC can be used to offset and, therefore, balance flows from different parts of the system to reduce the coincidence of hydrographs at critical locations [3]. The ability to achieve this is becoming increasingly important as urbanization, densification, and climate change lead to growing pressure on stormwater systems [4,5]. Maximizing the utilization of existing systems with the aid of RTC could potentially delay or avoid expensive and disruptive infrastructure capacity upgrades. The RTC strategies used to control urban stormwater systems can be generally grouped into two categories: (i) predictive control and (ii) reactive control [6].



Predictive control strategies are generally developed based on knowledge of future rainfall values and are tailored to specific rainfall events using optimization algorithms [3,7,8]. Such strategies usually require high-resolution rainfall forecast information (for example, temporal patterns of upcoming rainfall events [3,7,8]), which enables them to be tailored to individual events to achieve desired flows at critical locations. However, high-resolution rainfall forecast information is not always available or accurate with current technologies, which is likely to compromise the performance of predictive control strategies significantly. In addition, the required optimization processes could be computationally expensive and might, therefore, not be able to be performed within the relatively short timeframes required for real-time control. This is especially the case if evolutionary algorithms are used to perform the optimization.



Reactive control strategies overcome the disadvantages of predictive control strategies by only requiring information that can be measured in real-time, such as storage levels and flow rates. However, these strategies are generally developed based on a range of ‘design’ or historical rainfall events [9,10,11], which has the disadvantage of requiring calibration, using either manual [12,13] or formal [9,14] optimization approaches. As a result, it is challenging to apply reactive control strategies to catchments with different physical or climatic properties [13]. In addition, reactive control strategies are generally static [15,16], which means that they either perform poorly or need to be recalibrated in response to changes in land use, climate, and stormwater management objectives.



In order to overcome the need for tuning reactive RTC strategies to specific system conditions, Liang et al. (2022) [17] introduced the target flow control (TFC) approach, which is ‘calibration-free’, as it only requires real-time measurements of storage levels in order to determine the orifice opening that achieves the desired outflow from a storage (e.g., the system capacity, which is generally set equal to the capacity of the downstream stormwater infrastructure). This enables this approach to be applied to any system and under any climatic and hydrological conditions without the need for calibration, making it suitable to respond to changing conditions, such as those resulting from climate change. However, this approach was only presented and demonstrated for a single storage, thereby limiting its applicability to practical settings. This is because, for a single storage, the outflow from that storage corresponds to the flow at the location of interest. Consequently, controlling the outflow from the storage also controls the flow at the location of interest. However, this is not the case when control of a system of storages is used to achieve desired target flows at the location(s) of interest, as the outflows from multiple storages contribute to flows at those locations. Consequently, it is unknown what the target outflow from each individual storage should be to achieve the target flows at the locations of interest. In addition, as the inflows to the storages are likely to be different at different times, the target outflows for each storage are also likely to change over time, rather than being static, as is the case for an individual storage, complicating the problem further.



In order to enable the TFC approach to be applied to systems of storages, the objectives of this paper are the following:




	
To extend the TFC approach of Liang et al. (2022) [17] so that it is applicable to systems of storages that are controlled to achieve desired flow target(s) at downstream locations(s) of interest, rather than just a single storage.



	
To demonstrate the utility of the proposed target flow control systems (TFCS) approach on three diverse case studies from the literature that have different storage configurations (e.g., storages in series and parallel) and management objectives (e.g., restricting maximum flow, minimizing overflow volume, maintaining storage levels between operational boundaries).



	
To compare the performance of the proposed TFCS approach with that of benchmark and best-performing advanced approaches from the literature for the three case studies considered.








A key contribution of this study is that this is the first time a novel RTC approach has been tested on multiple case studies, thereby enabling the broader applicability and generality of the approach to be assessed. This is made possible by the calibration-free nature of the proposed TFCS approach, which enables it to be applied to different case studies with ease. As mentioned previously, this is not the case for other reactive control strategies, which require calibration to site-specific conditions. This makes it significantly more difficult to apply these approaches to different case studies and is likely to be the reason why novel approaches introduced in previous studies have only been tested on a single case study [8,18,19], making it more difficult to assess their applicability under a wider range of conditions. For example, the approaches proposed by Rimer et al. (2023 [20] and Mullapudi et al. (2020) [18] involve the empirical tuning of hyperparameters, while the technique outlined by Schutze et al. (2018) [21] necessitates the use of empirical control rules to determine release strategies for individual storages.



The remainder of this paper is organized as follows. The theoretical underpinnings and implementation of the proposed TFCS approach (Objective 1) are detailed in Section 2, followed by details of the case study and computational experiments used to demonstrate the utility and assess the relative performance of the approach (Objectives 2 and 3) in Section 3. The case study results are presented in Section 4, followed by discussions in Section 5 and conclusions in Section 6.




2. Materials and Methods


2.1. Problem Statement


Figure 1 shows the conceptual approach used in the proposed TFCS reactive control approach to control outflows at each storage. As part of this process, a desired target outflow (   Q  i , t    ) is specified at the outlet of each storage i at each control time step t for a system of N storages (i.e., i = 1, 2, …, N). To ensure that this target outflow is achieved at the ith storage, the following equation [17,22,23] is used in control time step t to adjust the ith storage outlet orifice opening percentage (Oi,t) based on its corresponding storage level (Hi,t), which can be measured in real time using low-cost sensors:


   O  i , t   =     Q  i , t      C d   A i    2 g  H  i , t           



(1)




where    C d    is the orifice discharge coefficient,    A i    is the area of the outlet orifice for the ith storage, and  g  is the acceleration due to gravity.



Figure 2 illustrates the relationship between outflows at individual storages and flows at the location of interest. As can be seen in Figure 2a, the specification of the desired storage target outflow (   Q  i , t    ) at a particular storage is relatively easy if N = 1 (i.e., for a system consisting of a single storage), as this is equivalent to the target flow at the locations of interest (   Q  j , t  *   , j = 1, 2, …, M for M locations of interest in the system) (i.e.,    Q  i , t     =    Q  j , t  *   ), which is generally the capacity of the downstream infrastructure. As a result, the desired storage target outflow (   Q  i , t    ) does not change over time, provided the target flow at the location of interest is static (see Liang et al., 2022 [17]). Consequently, the previously developed TFC reactive control approach [17] can be used for a system with a single storage.



However, when dealing with systems of storages, the target outflow from an individual storage is generally not the same as the target flow at the locations of interest, as the outflows from multiple storages contribute to the flow at those locations (Figure 2b,c). Consequently, it is not known what the target outflows (   Q  i , t    ) should be at individual storages to achieve the target flow at the location of interest (   Q  j , t  *   ). In addition, when dealing with systems of storages, the target outflows for individual storages generally change over time (   Q  i , t    ) in order to ensure target flows at the locations of interest are achieved in response to time-varying storage levels (Hi,t). Consequently, the key challenge that needs to be addressed when extending the TFC approach from a single storage to a system of storages (i.e., to the TFCS approach) is to determine what the target outflows for individual storages should be at each time step (   Q  i , t    ).




2.2. Proposed Solution


The proposed TFCS approach is only guaranteed to achieve target flows at the location of interest if the available storage capacity at all storages is large enough to detain net inflows (i.e., any inflows in excess of the target outflow) at every time step [17]. Consequently, systems of storages will fail if the available capacity of any of the storages is exceeded at any time step. In order to minimize the chances of this occurring, the target outflows at individual storages at each control time step (   Q  i , t    ) are selected to be proportional to the ratio of the actual storage volume (   V  i , t    ) to the maximum storage volume (   V  i , t   m a x    ) for each storage (termed the filling degree of the storage  ,    F  i , t    ) at each time step, as given in Equation (2) below. This will ensure that the filling degree for each storage is approximately equal at each time step.



At each time step:




	
For each storage (i = 1, …, N), we express the net outflow (   Q  i ,   t     n e t     to be proportional to its filling degree (   F  i , t    ) with coefficient    K t   :


   Q  i ,   t     n e t   =  K t  ×  F  i , t      for    i = 1 ,   … ,   N  



(2)












where








	





	
   Q  i ,   t     n e t     is the net outflow of storage i at time t, which is the difference between the storage inflow and the unknown target storage outflow (   Q  i , t     ):


   Q  i ,   t     n e t   =  Q  i , t   −  (  ∑  I  p , i   ×  Q  p , t    )   for    i = 1 ,   … ,   N   &   p = 1 , … ,   N − 1  



(3)












where    I  p , i     is a system configuration parameter that depends on the storage system layout in the vicinity of each individual storage, such that for storage i and the other storages p (  p = 1 , … ,   N − 1  ) in the system:


   I  p , i   =  {      1 ,     Storage   p   outflow   flows   into   storage   i       0 ,     Otherwise        



(4)

















	





	b.

	
   F  i , t     is the filling degree of storage i at time t (i.e., the ratio of the actual storage volume (   V  i , t    ) at time t to the maximum storage volume (   V  i , m a x    ), where the actual storage volume (   V  i , t    ) is a function of storage level (   H  i , t    )):


   F  i , t   =     V  i , t      V  i , m a x       



(5)








	c.

	
   K t    is the coefficient of proportionality



















	2.

	
We express the flow at the location of interest (   Q  j , t  *   ) as the sum of the target outflows from the storages (   Q  i , t    ) that directly contribute to the flow at target location j as follows:


  ∑  I i *  ×  Q  i , t   =  Q  j , t  *     for    i = 1 ,   … ,   N  



(6)













where    I i *    is a system configuration parameter that depends on the storage system layout in the vicinity of the location of interest j, such that for the location of interest j and any storage i   ( i = 1 ,   … ,   N  ) in the system:


   I i *  =  {      1 ,   Storage   i   outflow   flows   into   the   location   of   interest   j       0 ,     Otherwise        



(7)












	3.

	
We solve the resulting set of 2N + 1 linear equations (i.e., Equations (2), (3) and (6)) for the 2N + 1 unknowns: (1) target outflows at each of the N storages (   Q  i , t   ,   i = 1 ,   … ,   N  ), (2) net outflow at each of the N storages (   Q  i ,   t     n e t   ,   i = 1 ,   … ,   N )  , and (3) the coefficient of proportionality (   K t ′   ) for each timestep t.









Examples of the formulation of Equations (2), (3) and (6) for a number of different example storage configurations are given in Figure 3 for the sake of illustration. The above formulation is able to cater to a broad range of management objectives, including those related to target flows at the location of interest, as well as those related to individual storage capacities, such as maintaining storage levels and minimizing overflows. However, the formulation assumes that travel times between control points and location(s) of interest are small and that the only storage inflows are from sources for which flows are known, which generally corresponds to inflows from other storages.



It should be noted that the above approach belongs to the class of equal filling degree approaches, which have been used to balance the available capacity (filling degree) of systems of storages in previous studies [24,25]. However, existing equal filling degree approaches do not provide a generic method for determining the target outflows of individual storages for networks with different configurations. For example, the approaches suggested by Rimer et al. (2023) [20] and Mullapudi et al. (2020) [18] require the empirical calibration of hyperparameters, and the approach presented by Schutze et al. (2018) [21] requires the application of empirical control rules in order to determine releases at individual storages. As a result, these approaches are not generally applicable to different catchments, system configurations, and management objectives. In addition, existing approaches are static. Therefore, they are not able to respond to changing system conditions, including both short-term changes during storm events and long-term changes due to climate change. The TFCS approach proposed in this paper overcomes these limitations by presenting a generic formulation that is applicable to any system configuration and can be solved explicitly and efficiently using a wide range of existing approaches, from simple Gauss elimination methods to more complex Jacobi, Gauss–Seidel, and Kaczmarz methods [26,27].




2.3. Implementation


The process for implementing the TFCS approach is summarized in Figure 4. The first step is to formulate the set of linear equations (Equations (2), (3) and (6)) that need to be solved in order to obtain the individual target outflows for each of the storages (   Q  i , t    ) based on the actual system configuration (e.g., number of storages and whether they are in parallel or in series), as detailed in Section 2.2 (Step 1, Figure 4). Next, at any time step t, the storage levels (   H  i , t    ) need to be measured in real time with the aid of pressure sensors placed in the storages (Step 2, Figure 4). The filling degree of each storage   (  F  i , t    ) can then be calculated based on the actual storage volume (   V  i , t    , which is a function of measured storage level (   H  i , t    )) and corresponding storage capacity in accordance with Equation (3)) (Step 3, Figure 4). After that, the set of 2N + 1 equations (Equations (2), (3) and (6)) can be solved for the unknown target outflows at each storage (   Q  i , t    ) using an appropriate solver, such as the Jacobi method [27,28] (Step 4, Figure 4). The orifice opening percentage required at each storage (   O  i , t    ) to achieve the corresponding target outflow (   Q  i , t    ) can then be calculated using Equation (1) (Step 5, Figure 4). This process is repeated for the next time step and so on.





3. Case Study and Computational Experiments


In order to assess the effectiveness of the proposed TFCS approach for realistic multistorage systems in a simulated environment, three case studies with different configurations and stormwater management objectives are selected from the literature, the details of which are given in Section 3.1. Details of the computational experiments are given in Section 3.2.



3.1. Case Study and Performance Assessment


3.1.1. Case Study Configuration


Three realistic multistorage case studies are selected to test the effectiveness of the proposed TFCS approach, with the details summarized in Table 1. These case studies are selected due to their high complexity, realism, and diversity, which makes them representative of real storage systems. The storage layouts of the case studies are shown in Figure 5.



Case Study 1 (Gamma) (Figure 5a) is a stormwater system inspired by an urban watershed in Ann Arbor, MI, USA (Case Study no. 1, Table 1). This case study utilizes a total of 11 stormwater storages to control the runoff from 400 hectares of an urbanized catchment (Figure 5a). Four of these storages, which are in series, are controlled using controllable gate valves with a maximum opening area of 1 m2. The objectives are to keep the outflow from storages 1, 2, 3, and 4 below a threshold of 0.14 m3/s [18] and to keep the storage levels at each of the storages below their maximum. Runoff is driven by a 1 in 25 year, 6 h storm event (Table 1), and uniform rainfall is assumed due to the small catchment area [18,20]. The stormwater management model (SWMM) for this case study was provided in previous studies [20].



Case Study 2 (Astlingen) (Figure 5b) is a benchmark urban stormwater network developed by the German Water Association (DWA) (Case Study no. 2, Table 1). The Astlingen network consists of a mixture of combined and separate stormwater systems to reflect realistic conditions in Central Europe. This case study utilizes six storages with a total volume of 5900 m3 to control flows in a catchment with an area of 177 hectares (Figure 5b). Four of the storages (storages 2, 3, 4, and 6) are controlled, including three storages in parallel (storages 2, 3, and 4) and two storages in series (storages 3 and 6). The objective is to minimize the total overflow volume from the storage tanks and overflow structures (Table 1). Spatially variable rainfall information is provided by the four rain gauges located in the Astlingen catchment. One year of continuous historical rainfall data with 5 min resolution is provided for the simulation (Table 1).



Case Study 3 (Delta-M) (Figure 5c) is a slightly modified version of the Delta case study introduced by Rimer et al. (2023) [20] (Case Study no. 3, Table 1). The Delta case study consists of a combined urban stormwater network with six storages that are located in a residential neighbourhood in order to control flows in a catchment with an area of 250 hectares (Figure 5c). Five of the six storages are controllable, including four storages in series (storages N3, N2, N1, and C) and two storages in parallel (storages C and S). The objective of this case study is to maintain all storage levels within upper and lower thresholds for water quality and aesthetic objectives. Runoff is driven by a 48 h observed storm event with an approximate return period of 2 months that is spatially uniform over the catchment (Table 1). The modifications made to the Delta case study in this paper are to move the location of some of the controllers so that they are directly downstream of the outlets of the active storages, resulting in the Delta-M case study.




3.1.2. Quantitative Performance Assessment


As the objectives of the three selected case studies are different (see Table 1), different metrics are used for assessing the performance of the TFCS approach and the benchmark control approaches (see Table 2). For Case Study 1, the percentage of time each storage exceeds the threshold is used (second row, Table 2), which corresponds to the sum of timesteps the threshold for all storages in the system is exceeded (    ∑  1 N   T  e x c e e d , i    ) compared to the total number of timesteps (    ∑  1 N   T i   ). Reduction in total overflow volume is used as the metric for Case Study 2 (third row, Table 2), which corresponds to the difference in total overflow volume (i.e., the overflow volume of all storage in the system for the entire time period,     ∑  1 T   (    ∑  1 N   V  i , t    )   ) compared with the ‘No Control’ baseline scenario (   V  B a s l i n e    ). Case Study 3 (Delta-M) requires two metrics to assess the ability to keep storage levels within their required upper and lower bounds (fourth row, Table 2): (i) the percentage of time outside of the operational boundary, which corresponds to the sum of time outside of the boundary for all storages in the system (    ∑  1 N   T  e x c e e d , i    ) compared to the total time (    ∑  1 N   T i   ) and (ii) total deviation of storage levels, which corresponds to the sum of differences between the storage level (   H i   ) and operational boundaries (upper level:    H  u p p e r     and lower level:    H  l o w e r    ; see Table 2 summed over all storages).





3.2. Computational Experiments


In order to assess the utility of the proposed TFCS approach in absolute terms (Objective 2), its performance is compared with that obtained when there is no outlet control (i.e., the storage outlet is always set as fully open). The results of this assessment are provided and discussed in Section 4.1 and Section 4.2.



In order to assess the utility of the TFCS approach in relative terms (Objective 3), its performance is compared with that obtained using an equal filling degree (EFD) approach that requires calibration (Section 3.2.1) and the best-performing advanced approaches that have been applied to the three case studies considered in previous studies (Section 3.2.2). Details of the application of the TFCS approach to the case studies are given in Section 3.2.3. The results of the comparison of the TFCS, calibrated EFD, and best-performing advanced approaches are presented and discussed in Section 4.3.



3.2.1. Calibrated EFD Approach


As described previously in Section 2.1, equal filling degree (EFD) approaches that require calibration are used widely for the real-time control of stormwater storages in the literature. Consequently, they provide an excellent benchmark against which to compare the performance of the proposed TFCS approach, which does not require calibration.



The calibrated EFD approach used for comparison in this paper requires calibration of hyperparameters to achieve the balancing of filling degrees [20,25]. Such an approach has already been applied to Case Studies 1 and 2 in previous studies [18,21], enabling the results of these studies to be used as a basis of comparison for the proposed TFCS approach. As a calibrated EFD approach has not been applied to Case Study 3 previously, this was performed as part of this study, using a genetic algorithm [29] to identify the optimal hyperparameters. The hydraulics of the case study system are simulated using EPA SWMM v5.1.012 [30], and the optimization is performed using DEAP (Distributed Evolutionary Algorithms in Python v1.3.0 [31]).




3.2.2. Best-Performing Advanced Approaches


In previous papers, Case Studies 1 and 2 were used to illustrate the utility of novel RTC approaches for systems of stormwater storages [18,19]. The approaches used in each of these papers were different and are currently the best-performing approaches for these case studies. Consequently, the performance of these advanced approaches provides the most rigorous benchmark against which to assess the performance of the proposed TFCS approach for these two case studies.



The advanced approach applied to Case Study 1 is based on reinforcement learning (RL) and uses deep neural networks to train RL-based controllers [18]. In this training process, the RL-based controllers interact with the storage system for thousands of simulated storm scenarios.



The advanced approach applied to Case Study 2 uses model predictive control (MPC) with the assumption of perfect knowledge of future rainfall information at a 5 min sampling interval [19]. The MPC consists of receding horizon optimization with the aid of a simplified conceptual model of the Case Study 2 system.



As an advanced approach has not been applied to Case Study 3 previously, and the optimized predictive control (OPC) approach of Liang et al. (2021) [8] has been proven to be the best-performing algorithm in previous studies [3,7,8], OPC is applied to this case study to provide results from an advanced control approach to act as a benchmark against which to assess the performance of the TFCS approach in a rigorous fashion. This predictive control approach uses an evolutionary algorithm to optimize RTC strategies under the assumption of perfect future rainfall information. For Case Study 3, the following objectives are considered as part of a multiobjective optimization approach: (1) to minimize the time period during which the storage level criteria are violated (i.e., the time period during which storage levels are outside the required operational boundary—see Table 2, Metric c), and (2) to minimize the total deviation of storage level from the operational boundary (i.e., the sum of differences between the storage level and operational boundaries—see Table 2, Metric d). The hydraulics of the case study system are simulated using EPA SWMM v5.1.012 [30], and the optimization is performed using DEAP (Distributed Evolutionary Algorithms in Python [31]). The optimization process is repeated from three random starting positions in the solution space, and the hypervolume [32,33,34] of the two objectives is used as an indicator to ensure that the optimization algorithm has converged.




3.2.3. TFCS Approach


The TFCS approach is applied to each of the three case studies following the procedure in Figure 4. Details of Equations (2), (3) and (6) for the three case studies are given in Appendix A. These are solved using the LU decomposition and implemented by using the NumPy Python package. The target flow at the location of interest (   Q  i ,   t    *   ) of Case Study 1 is determined based on the objective, which is to keep flow below a threshold. For Case Studies 2 and 3, the target flow at the location of interest (   Q  i ,   t    *   ) is determined based on the constraints on the system capacity (maximum flow capacity). The hydraulics of the three case study systems are simulated using EPA SWMM v5.1.012 [30], and the PySWMM wrapper for SWMM v0.5.1 [35] is used to automatically adjust the orifice opening percentages in accordance with the proposed TFCS approach in SWMM.






4. Results


4.1. Overview of Results: Performance of the TFCS Approach


Table 3 shows the performance of the proposed TFCS approach compared with that of the ‘No Control’ scenario, for which the storage outlet is always set as fully open for the three case studies described in Section 3.1. As expected, the TFCS approach always outperforms the ‘No Control’ scenario. In Case Study 1 (second column, Table 3), for the ‘No Control’ scenario, the storage outflow exceeds the target threshold for 47% of the total time, while when using the TFCS approach, this number is decreased to 0%. In Case Study 2 (third column, Table 3), the TFCS approach is able to achieve a 13.2% reduction in total overflow volume compared to the ‘No Control’ scenario. In Case Study 3 (fourth column, Table 3), for the ‘No Control’ scenario, the storage level is outside of the operational boundary for 75.8% of the total time, with a total storage deviation of 687.6 m. For the TFCS approach, the storage level is only outside the operational boundary for 3.2% of the time, and the total storage level deviation is reduced to 0.3 m. These results show that the TFCS approach achieves significant performance improvement compared to the ‘No Control’ scenario for a range of case studies and different stormwater management objectives. Details of the mechanisms causing these improvements in performance when the TFCS approach is used are given in Section 4.2.




4.2. Analysis of Results: Illustration of Typical Performance for the TFCS Approach


Figure 6 compares the performance of the proposed TFCS approach with that of the ‘No Control’ scenario using the combined storage system of Case Study 2 as an illustrative example to demonstrate the mechanism by which the TFCS approach improves performance compared with the ‘No Control’ scenario. For this case study, five storages are included in the analysis, including storages in both series and parallel. Storages 2, 3, and 4 are in parallel, feeding storage 1 (Legend and Network Topology, Figure 6). Storage 6 is in series with and upstream of storage 3. Storages 2, 3, 4, and 6 are equipped with control devices, while storage 1 is a passive storage with a static outlet. In order to clearly show the impact of the TFCS approach, the inflows (Figure 6a,b), filling degrees (Figure 6c,d), and orifice opening percentages (Figure 6e,f) of individual storages, as well as system overflows (Figure 6g,h), are provided.



For this illustration, we choose an 8 h rainfall period from 10 May 2000 19:00 to 11 May 2000 03:00, as for this period, the system overflow volume (i.e., the objective of this case study) is reduced significantly with the aid of the TFCS approach compared with that obtained from the ‘No Control’ scenario (red line, Figure 6g,h). This is achieved by utilizing and approximately balancing the filling degree of storages in the system using the orifice equation (Equation (1)) and methods described in Section 2.1.



For the ‘No Control’ scenario, there are two system overflow events during the selected time period, including 1. a small volume event from 10 May 2000 19:45 to 10 May 2000 22:00, and 2. a large volume event from 11 May 2000 00:45 to 11 May 2000 03:00 (red line, Figure 6g). Between 10 May 2000 19:45 and 10 May 2000 20:00, there is a significant inflow peak for storage 1 (black dashed line, Figure 6a), and as a result, the filling degree of storage 1 increased rapidly to 100% at 10 May 2000 20:00 (black dashed line, Figure 6c), and the first overflow event starts (red line, Figure 6g). After 10 May 2000 20:00, the filling degree of storage 1 is always at a high level (close to 100%, black dashed line, Figure 6c), and the significant inflow peak that occurs from 11 May 2000 00:45 to 11 May 2000 02:00 (black dashed line, Figure 6a) leads to the second large volume overflow event. The inflow to storage 1 is contributed to by outflows from storages 2, 3, and 4. During the entire time period, the filling degrees of storages 2, 3, 4, and 6 are relatively low: less than 60% for storages 3 and 6 and less than 20% for storages 2 and 4 (Figure 6c), which indicates that there is unutilized storage capacity in the system when the significant overflow occurs at storage 1. For the ‘No Control’ scenario, this inefficient usage of storage capacity is due to the fact that all of the storages are equipped with passive orifices that are always fully open (100%, Figure 6e).



In comparison, for the proposed TFCS approach, there is only one system overflow event during the selected time period from 11 May 2000 01:00 to 11 May 2000 02:00 (red line, Figure 6h): the first small volume overflow event from the ‘No Control’ scenario is eliminated, and the second large volume overflow event is reduced significantly, with a 70% reduction in volume.



The reason for the elimination of the first volume event is that between 10 May 2000 19:00 and 10/5/2000 20:00, the orifice opening percentage of storages 2, 3, 4, and 6 decreases (Figure 6f) to limit the outflow from these upstream storages to deal with the increasing storage 1 filling degree, and, as a result, the inflow to storage 1 is reduced (black dashed line, Figure 6b). For example, at 10 May 2000 20:00, the inflow to storage 1 is reduced from 0.3 m3/s for the ‘No Control’ scenario (black dashed line, Figure 6a) to 0.2 m3/s (black dashed line, Figure 6b). With reduced inflow, the filling degree for storage 1 is capped at 98% (10 May 2000 20:00, black dashed line, Figure 6d), and the first small volume overflow event is mitigated.



The reason why the second volume event is reduced is that between 11 May 2000 01:00 and 11 May 2000 02:00, the orifices of storages 2, 3, 4, and 6 are fully closed (Figure 6f) to deal with the second large volume overflow event, and the inflow of storage 1 is clearly reduced for this time period (black dashed line, Figure 6a,b). Between 11 May 2000 01:00 and 11 May 2000 02:00, the peak inflow to storage 1 is reduced from 0.7 m3/s for the ‘No Control’ scenario (black dashed line, Figure 6a) to 0.52 m3/s (black dashed line, Figure 6b). Although the filling degree of storage 1 still reaches 100% at 11 May 2000 01:00 and overflows afterwards, the filling degrees of storages 2, 3, 4, and 6 are higher and more similar to each other (Figure 6d) than in the ‘No Control’ scenario (Figure 6c). For example, storage 2 filling degrees are generally less than 20% in the ‘No Control’ scenario when storage 1 is full and overflows (orange line, Figure 6c), while this number is increased to 60% with the TFCS approach (orange line, Figure 6d). Therefore, by using the TFCS approach, the storage capacity in the system is better utilized, and a significant reduction in overflow volume is achieved.




4.3. Summary of Results: Benchmarking Performance and Practicality of the TFCS Approach


Figure 7 summarises the performance and practicality of the TFCS approach compared to the ‘No Control’ scenario and benchmark RTC approaches, including the calibrated equal filling degree approach (calibrated EFD) and existing advanced approaches (reinforcement learning (RL) for Case Study 1, model predictive control (MPC) for Case Study 2 and optimized predictive control (OPC) for Case Study 3). Both quantitative performance and practicality are categorized into three groups (low/medium/high) for ease of comparison of the control approaches across multiple case studies with different performance measures and different levels of practicality.



The performance classification of RTC approaches is determined by comparison with the ‘No Control’ scenario (no change—red, medium improvement—yellow, and high improvement—green).



For Case Study 1 (first column under ‘performance’, Figure 7), a ‘medium’ performance classification is assigned to the calibrated EFD (7% of time exceeding threshold) and the RL control approaches (23% of time exceeding threshold) because they both produce improved performance compared with that of the ‘No Control’ approach (47% of time exceeding threshold). The TFCS approach is assigned a ‘high’ performance classification because there is 0% of time exceeding the threshold, and it outperforms all other control approaches.



For Case Study 2 (second column under ‘performance’, Figure 7), the performance of the calibrated EFD approach (6.4% reduction in overflow volume) is classified as ‘medium’ as there is an improvement compared to the ‘No Control’ scenario (0% reduction in overflow volume). The performances of both the MPC and TFCS approaches are classified as ‘high’ as both are able to achieve a 13.2% reduction in overflow volume reduction, which is better than that of the calibrated EFD approach.



For Case Study 3 (third and fourth columns under ‘performance’, Figure 7), the calibrated EFD approach performance (37.5% of the time outside the operational boundary and 82 m total deviation of storage level) is classified as ‘medium’ because its performance is improved compared to that of the ‘No Control’ scenario (76% of the time outside the operational boundary and 689 m total deviation of storage level). The performances of both the OPC and TFCS approaches are classified as ‘high’ as their performance measures (1.1–3.2% of the time outside the operational boundary and 0.1–0.3 m total deviation of storage level) are better than that of the calibrated EFD approach.



The ‘overall performance’ of different control approaches (fifth column under ‘performance’, Figure 7) is based on their performance across the three case studies, where available. The overall performances of the calibrated EFD and RL approaches are classified as ‘medium’ as they are better than that of the ‘No Control’ scenario. The performances of the MPC, OPC, and TFCS approaches are classified as ‘high’ as their performances are significantly better than those of the ‘No Control’ and calibrated EFD approaches.



The performances of the different control approaches described previously are achieved with various levels of practicality based on the information required to implement them (second column, Figure 7). Some control approaches require calibration with a large amount of data, while others require information of perfect rainfall forecast information. This ‘practicality’ of each control approach is divided into three categories: low, medium, and high. The ‘low’ classification (labelled in red, Figure 7 and Figure 8) is for RTC approaches that require information that is difficult to obtain, such as perfect forecasts of future rainfall and/or high computational requirements. The ‘medium’ classification (labelled in yellow, Figure 7 and Figure 8) is for control approaches that require a large amount of information, such as calibration with a large number of storms prior to being applied. The ‘high’ classification (labelled in green, Figure 7 and Figure 8) is for RTC approaches that only use data that can be measured/accessed easily and have low computational requirements.



The ‘No Control’ scenario is classified as having a ‘high’ level of practicality as no information is required. The TFCS approach is also classified as having a ‘high’ level of practicality as it only uses storage-level information that can be measured easily in real time with the aid of low-cost pressure sensors. The calibrated EFD approach is classified as having a ‘medium’ level of practicality as it requires calibration with a large amount of data. As a result, the limitations of calibration will impact the performance of the calibrated EFD approach, as the calibration will generally require manual or optimized tuning of parameters for specific conditions, which limits the ability of the calibrated EFD approach to be applied broadly and under changing conditions.



The practicality of both MPC and OPC approaches is classified as ‘low’, as they both require perfect knowledge of future rainfall forecasts. It is unlikely that perfect rainfall forecast at 5 min time intervals over long lead times will be available any time soon. In practical situations, the MPC and OPC approaches will need to utilize highly uncertain rainfall forecasts, which will reduce their performances in practice. In addition, both MPC and OPC approaches require extensive computational resources and effort to enable the control schemes to be optimized in real time for a short prediction window.



The level of practicality of the reinforcement learning (RL) approach is classified as ‘medium–low’ because it requires the preparation of extensive training datasets, followed by training of the controllers on these prepared datasets, which requires high computational resources such as GPUs. Therefore, although the level of practicality of the RL approach is higher than that of the OPC and MPC approaches as it does not rely on perfect rainfall information, its practicality is still lower than that of the calibrated EFD and TFCS approaches due to the high requirement of computational resources.



Figure 8 maps the performance and practicality categorization of the five RTC control approaches analysed in this study along with that of the ‘No Control’ benchmark approach. The ‘No Control’ approach has a ‘high’ level of practicality with a ‘low’ overall performance. The calibrated EFD approach has a ‘medium’ level of both practicality and performance. The MPC and OPC approaches have ‘high’ performance. However, they have a ‘low’ level of practicality due to their dependency on perfect forecasting of future rainfall. The RL approach has a ‘medium’ level of performance with a ‘low–medium’ level of practicality due to its requirements of high computational resources. The proposed TFCS approach is the only one of the five RTC control approaches analysed that has both ‘high’ overall performance and a ‘high’ level of practicality, which means that it performs well and is broadly applicable to a wide range of case studies.





5. Discussion


5.1. Practical Benefits of the TFCS Approach


There are a number of practical benefits to applying the proposed TFCS approach to existing stormwater storage systems. Firstly, by utilizing existing storage capacity, the TFCS approach is able to extend the lifespan of storage systems and delay the need for stormwater conveyance infrastructure system upgrades for as long as possible. Secondly, this approach can be adapted to climate change and land use change. The TFCS approach only requires knowledge of the desired outflow from a storage, as well as storage-level information that can be easily measured in real time with the aid of low-cost pressure sensors, which allows it to be ‘calibration free’. This makes it suitable to deal with catchments that are subject to changing conditions. Thirdly, this approach can be adapted to achieve a number of stormwater management objectives, including improving water quality and stormwater harvesting. For example, by introducing retention capacity for intercepting runoff from impervious surfaces, water quality can be improved [36]. During drought periods, the storage outlet could be closed to harvest stormwater for environmental purposes [37], and the stormwater storage can be integrated with bioretention systems to improve downstream water quality [38].




5.2. Practicality of Implementation


With the aid of low-cost pressure sensors, the required storage levels can be easily measured in real time, and, as a result, the outlet orifices of stormwater storages can be adjusted accordingly to maximize the utilization of the available storage capacity. Using current technology, an electric actuator can be used to adjust the position of a valve from fully closed to fully open in a short period of time [39,40]. Hence, any control time steps longer than 5 min are achievable from a practical perspective.




5.3. Future Research


Future research should be undertaken to (i) test the performance and practicality of the proposed approach under a wider range of conditions, such as under different climate and land use change scenarios [41,42], (ii) extend the approach to cater to catchment inflows (see Section 2.2), (iii) assess the impact of the assumption of small travel times (see Section 2.2) on the performance of the TFCS approach for systems covering larger spatial extents [43], (iv) assess whether the addition of smart controls to storages is likely to result in any additional risks (e.g., cyber risks [44]), (v) develop a framework to identify the required storage volume for specific design rainfall events, and (vi) demonstrate the practicality of the proposed approach with the aid of physical experiments in the laboratory or in full-scale field tests.





6. Conclusions


This study introduces the target flow control systems (TFCS) approach, which extends the TFC approach of Liang et al. (2022) [17] so that it is applicable to systems of storages that are controlled to achieve desired flow conditions at locations of interest. This is achieved by determining the target outflows of individual storages based on the storage-level information measured in real time and knowledge of the desired maximum flow at critical points in the downstream infrastructure. The individual storage orifice opening percentages are then adjusted with the aid of the orifice equation and storage-level information to achieve the individual targets.



The utility of the proposed TFCS approach was compared with that of five control approaches (two common benchmark control approaches, including ‘No Control’ and ‘calibrated EFD’, and three existing advanced control approaches from the literature, including ‘reinforcement learning’, ‘model predictive control’, and ‘optimized predictive control’) for three case studies from the literature with different configurations and stormwater management objectives. Results show that the TFCS approach is the only one of the five RTC control approaches analysed that has both ‘high’ overall performance and a ‘high’ level of practicality, which means that it performs well and is also broadly applicable to a wide range of case studies. This is because the TFCS approach does not require calibration to specific local conditions and only relies on real-time storage-level information. In addition, the calibration-free nature of the proposed TFCS approach enables it to be applied to a wide range of catchments and adapt to changes in land use and climate. Consequently, the TFCS approach has the potential to maximize utilization of the capacity of existing stormwater systems for achieving multiple stormwater management objectives, which could potentially avoid costly upgrades.



Future research should assess the proposed TFCS approach across a wider range of conditions, including various climate change scenarios, and to incorporate catchment inflows. Additionally, a framework for estimating required storage volumes for specific design rainfall events should be developed. Finally, the practicality of the approach should be validated through both laboratory experiments and full-scale field tests.
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Figure A1. Formulation of Case Study 1. 
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Figure A2. Formulation of Case Study 2. 
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Figure A3. Formulation of Case Study 3. 
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Figure 1. Conceptual approach to controlling outflows at each storage to meet desired target storage outflows used in the proposed TFCS approach, where the orifice equation is used to determine the orifice opening required at time step t to achieve the desired target outflow at that time step for each individual storage in the system. Please note that in the figure, elements related to the flow at the location of interested are represented in “red”, while elements related to storage level are represented in “orange”. 
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Figure 2. Illustration of the relationship between outflows at individual storages and flows at the location of interest for (a) a single storage (a) and systems of storages with different configurations (i.e., systems of storages in parallel (b) and systems of storages in series (c)). 






Figure 2. Illustration of the relationship between outflows at individual storages and flows at the location of interest for (a) a single storage (a) and systems of storages with different configurations (i.e., systems of storages in parallel (b) and systems of storages in series (c)).



[image: Water 16 02844 g002]







[image: Water 16 02844 g003] 





Figure 3. Examples of required linear equations (Equations (2), (3) and (6)) for (a) example storages in parallel system, (b) example storages in series system, and (c) example storages in mixed system (storages in parallel and in series). 
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Figure 4. Implementation of the proposed TFCS approach. The inset in the black oval represents the generic illustration of a system of storages from Figure 1. 
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Figure 5. Storage network topology and sizes for the selected case studies: (a) Gamma, (b) Astlingen and (c) Delta-M. 
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Figure 6. Comparison between the TFCS approach and ‘No Control’ scenario for the combined storage system of Case Study 2 for an example 8 h rainfall period (10 May 2000 19:00–11 May 2000 3:00). (a) shows the inflow rate over time for the ‘no control’ scenario, (b) shows the inflow rate over time for the TFC-S approach, (c) shows the filling degree over time for the ‘no control’ scenario, (d) shows the filling degree over time for the TFC-S approach, (e) shows the orifice opening percentage over time for the ‘no control’ scenario, (f) shows the orifice opening percentage over time for the TFC-S approach, (g) shows the system overflow rate over time for the ‘no control’ scenario, (h) shows the system overflow rate over time for the TFC-S approach. The network topology is show in the diagram at the top of the figure. 
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Figure 7. Summary of performance and practicality of TFCS and benchmark RTC approaches (RL: reinforcement learning, MPC: model predictive control, OPC: optimized predictive control). The “green” cells correspond to a “High” level of performance, the “orange” cells correspond to a “Medium” level of performance and the “red” cells correspond to a “Low” level of performance of the different control algorithms considered relative to the ‘No Control’ scenario. 
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Figure 8. Mapping of the relationship between performance and practicality for the five RTC control approaches considered and the ‘No Control’ benchmark scenario. 
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Table 1. Case study characteristics.






Table 1. Case study characteristics.





	
Case Study

No.

	
Name

	
Catchment Area

	
Storage Information

	
Rainfall Information

	
Objective




	
Controlled

	
In

Series

	
In

Parallel






	
1

	
Gamma

	
400 ha

	
4

	
4

	
0

	
1 in 25 years, 6 h event

	
Flow below threshold




	
2

	
Astlingen

	
177 ha

	
4

	
2

	
3

	
1 year of continuous

	
Minimize total overflow volume




	
3

	
Delta-M

	
250 ha

	
5

	
4

	
2

	
48 h obs. event

(return period of 2 months)

	
Storage level within the operational boundary











 





Table 2. Summary of metrics.






Table 2. Summary of metrics.





	
Case Study

	
Objective

	
Metric






	
Case Study 1 (Gamma)

	
Keep flow below the threshold.

	

	
Percentage of time exceeds threshold:



   T i m e    ( % )  =      ∑  1 N   T  e x c e e d , i       ∑  1 N   T i     × 100 %   









	
Case Study 2 (Astlingen)

	
Minimize overflow volume.

	

	b.

	
Percentage reduction in total overflow volume:



    Reduction     ( % )  =  (  1 −      ∑  1 T   (    ∑  1 N   V  i , t    )     V  B a s l i n e       )  × 100 %   










	
Case Study 3 (Delta-M)

	
Keep storage level within upper and lower threshold.

	

	c.

	
Percentage of time outside of the boundary:



   T i m e    ( % )  =      ∑  1 N   T  e x c e e d , i       ∑  1 N   T i     × 100 %   










	

	d.

	
Total deviation of storage level from operational boundary:



  D e v i a t i o n    ( m )  =   ∑  1 T   (    ∑  1 N   (  f  (   H  i ,     t    )   )   )   






where:

  f  (   H  i , t    )  =  {       H  i , t   −  H  u p p e r   ,     H  i , t   >  H  u p p e r        0 ,     H  l o w e r   ≤  H  i , t   ≤  H  u p p e r         H  l o w e r   −  H  i , t   ,     H  i , t   <  H  l o w e r         











 





Table 3. Performance of TFCS approach.






Table 3. Performance of TFCS approach.





	
Control Approach

	
Case Study 1

	
Case Study 2

	
Case Study 3




	
Time (%) *

	
Reduction (%) **

	
Time (%) ***

	
Deviation (m) ****






	
No Control

	
47%

	
0.0%

	
75.8%

	
687.6 m




	
TFCS

	
0%

	
13.2%

	
3.2%

	
0.3 m








Notes: * Percentage of time flow exceeds the threshold; ** Percentage reduction in total overflow volume; *** Percentage of time storage levels are outside of the operational boundary; **** Total deviation of storage levels.
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