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Stormwater Control Measures (SCMs) are increasingly applied to capture and utilize 13 urban runoff to augment water supply, reduce flood risk, and to restore natural flow 14 regimes in receiving waters. New advances in Real-Time Control (RTC) technology 15 offer the potential to dynamically optimise SCM performance to meet multi-objectives, 16 without the need for major structural upgrades. This paper reviews the application of 17 RTC applied to different types of SCMs at a range of scales, revealing both the benefits 18 and challenges. RTC can improve urban water management both now and into the future, 19 and the applications are vast. SCM performance can be optimised at a single site scale, 20 but its real utility will be in larger collaborative systems, and its potential will increase 21 with improved forecast capability and decreased costs of sensors and control elements.

22

There is a critical need for creating new regulatory environments, governance and 23 business models, to facilitate widespread implementation.

 1. List of key studies on real-time controlled SCMs. The studies are classified according 102 to the type of SCM (nature-based solution, detention basin, or rainwater harvesting system), 103 the type of approach (modelling or empirical) and with a distinction between single and 104 multiple systems.

Single system at small-/catchment scale Multiple systems at catchment scale Nature-based solutions Modelling [START_REF] Shen | Model testing and laboratory validation of 1063 real-time control strategy for stormwater biofilters[END_REF] -Empirical [START_REF] Persaud | Real 979 time control schemes for improving water quality from bioretention cells[END_REF], [START_REF] Shen | Real time control of 1060 biofilters delivers stormwater suitable for harvesting and reuse[END_REF] -

Detention Basins

Modelling [START_REF] Gaborit | Improving 775 the performance of stormwater detention basins by real-time control using rainfall 776 forecasts[END_REF], [START_REF] Muschalla | Ecohydraulic-driven real-time control of stormwater basins[END_REF], [START_REF] Carpenter | Pollutant removal efficiency of a retrofitted stormwater detention pond[END_REF], [START_REF] Gaborit | Exploring forecast-772 based management strategies for stormwater detention ponds[END_REF], [START_REF] Bilodeau | Real-time control of stormwater 607 detention basins as an adaptation measure in mid-size cities[END_REF], Shishegar et al. (2019a), [START_REF] Shishegar | Predictive Real-Time Control 1074 Optimization of a Stormwater Management System[END_REF] and [START_REF] Sharior | Improved reliability of stormwater 1057 detention basin performance through water quality data-informed real-time control[END_REF] -Empirical [START_REF] Jacopin | Optimisation of operational 849 management practices for the detention basins[END_REF], [START_REF] Middleton | Water Quality Performance of a Batch-Type 923 Stormwater Detention Basin[END_REF], [START_REF] Gilpin | Interim Report on the Retrofit of an Existing Flood Control 797 Facility to Improve Pollutant Removal in an Urban Watershed[END_REF] [START_REF] Davis | Field Performance of Bioretention: Hydrology Impacts[END_REF]Hunt et al. 2012;Winston et al. 2016b)).
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The effectiveness of such systems is closely linked to operating conditions, such as 122 temperature, wetting and drying and the flow regime (Winston et al. 2016a;[START_REF] Ge | Seasonal applicability of three vegetation 790 constructed floating treatment wetlands for nutrient removal and harvesting strategy 791 in urban stormwater retention ponds[END_REF]Yi 123 et al. 2016). The treatment effect of abiotic and biotic reactions (e.g. anoxia, de-/nitrification 124 and mineralization) largely depends on water level and retention time, which determines the 125 extent and period of contact between the stormwater and the filter media, vegetation and 126 biofilms which mediate treatment processes [START_REF] Bratieres | Nutrient and sediment 624 removal by stormwater biofilters: A large-scale design optimisation study[END_REF][START_REF] Klocker | Nitrogen uptake and denitrification in restored and unrestored streams in urban 882 Maryland, USA[END_REF].

127 Hydrologic performance and pollutant removal are thus affected by inflow dynamics resulting 128 from the variability of rainfall and runoff [START_REF] Hunt | Evaluating Bioretention 838 Hydrology and Nutrient Removal at Three Field Sites in North Carolina[END_REF]). The wet-dry cycle and soil 129 moisture are also critical for both treatment (e.g. nutrient leaching) and system health (e.g.

130 survival of plants) (Afrooz and Boehm 2017;[START_REF] Hatt | Hydraulic and Pollutant Removal 820 Performance of Fine Media Stormwater Filtration Systems[END_REF]Zinger et al. 2007b;Blecken et 131 al. 2009b). Therefore, maximizing the performance of nature-based solutions depends on 132 maintaining optimal detention time and moisture regime, to support physical and biological 319 Distributed control of SCMs network needs to be implemented in a way that each system works 320 collaboratively to meet the catchment-scale hydrological objective (Figure 3). The theory of 321 such control has long been established [START_REF] Bondy | Graph theory with applications[END_REF][START_REF] Camponogara | Distributed model predictive 669 control[END_REF]322 Dijkstra 1982) and has been demonstrated by a few preliminary studies. Di [START_REF] Matteo | This is widely recognized as a major knowledge 440 gap for future investigation[END_REF] 323 modelled two coordinated rainwater harvesting systems using perfect rainfall forecasts. They 324 concluded that the peak flow can be better mitigated by the centralised control than by the 325 decentralized control. [START_REF] Mullapudi | Shaping Streamflow Using a 954 Real-Time Stormwater Control Network[END_REF] 3). A similar strategy could be used in the case of RTC rainwater harvesting to ensure 335 that adequate contributions are made to stream baseflow, even if some systems are empty at 336 any given time. This might also be applied to RTC biofilters, where the emptying of the systems 337 can start from those with longer treatment (i.e. detention time). Such an application offers a 338 new possibility for real-time asset management, which could potentially address the major 339 problem of poor system function due to inadequate maintenance of SCMs [START_REF] Blecken | Stormwater control measure (SCM) maintenance considerations to ensure designed 611 functionality[END_REF]. 2). The control of SCM networks could be jointly operated with other water systems, 346 such as water distribution networks [START_REF] Cembrano | Optimal control 675 of a water distribution network in a supervisory control system[END_REF][START_REF] Leirens | Coordination in urban 887 water supply networks using distributed model predictive control[END_REF]) and combined 347 sewer systems [START_REF] Garofalo | A distributed real-786 time approach for mitigating CSO and flooding in urban drainage systems[END_REF]. For stormwater systems, SCMs could coordinate with 348 the overall drainage network, and so manage storages and outflows to best use the capacity of 349 all system nodes to avoid overflow [START_REF] Lund | Integrated stormwater inflow control for sewers and green structures in urban 896 landscapes[END_REF]. Future water supply could use a hybrid 350 system that integrates stormwater harvesting to supplement mains water (or vice versa). The 351 real-time prediction of spatial-temporal demand could inform optimal use of tank storage (i.e.

352 rather than using when needed by each household) and mains water at a system level to ensure 353 overall water network reliability. Improved monitoring and removal of contaminants could 354 promote such hybrid supply and even achieve on-site grey water reuse (Barron et [START_REF] García | Modeling and real-time control of urban drainage systems: A review[END_REF]. However, as mentioned 409 previously, heuristic-based control depends on expert knowledge, and so might not be 410 considered formally as achieving an optimal solution [START_REF] Cen | Aggregation-based model predictive control of urban combined 679 sewer networks[END_REF][START_REF] Mollerup | 16 941 Years of Experience with Rule Based Control of Copenhagen's Sewer System[END_REF].

411 One of the most common heuristic algorithms used in urban drainage systems is Rule-Based 412 Control [START_REF] Klepiszewski | Comparison of conventional rule based flow 878 control with control processes based on fuzzy logic in a combined sewer system[END_REF], with increasing popularity of using a particular rule 413 that specifies the output parameters in a non-binary way (i.e. ranging between 0 and 1, allowing 414 partial states between true and false), known as Fuzzy Logic Control [START_REF] Tang | Application of fuzzy expert control to 1085 APMP Pulping Wastewater treatment process of aerobic[END_REF]415 Seggelke et al. 2013;[START_REF] Chiang | Auto-control 696 of pumping operations in sewerage systems by rule-based fuzzy neural networks[END_REF]. In contrast, while optimisation-based control delivers 416 more objectivity, it can be difficult to implement due to more complex control-oriented models 417 and consequential challenges in terms of the computational power required, especially in large-418 scale systems [START_REF] García | Modeling and real-time control of urban drainage systems: A review[END_REF]. Model Predictive Control, which recursively recalculates 419 the optimal control using newly available information on system states and other data (e.g. 420 rainfall forecast), has shown to be the most successful optimisation-based technique applied in 2018)). Other approaches also include the 423 linear-quadratic regulator [START_REF] Bemporad | The explicit linear 596 quadratic regulator for constrained systems[END_REF][START_REF] Marinaki | Linear-quadratic regulators applied to sewer 910 network flow control[END_REF], 424 evolutionary strategies [START_REF] Savic | Genetic Algorithms for Least-Cost Design of Water 1036 Distribution Networks[END_REF][START_REF] Bernard | A New Fuzzy-Based Multi-Objective 601 Optimization Concept for Process Control Systems[END_REF][START_REF] Martínez | Optimizing the 917 operation of the Valencia water-distribution network[END_REF]Fu 425 et al. 2008) [START_REF] Mitchell | Applying Integrated Urban Water Management Concepts: A Review 929 of Australian Experience[END_REF]Farrelly and Brown 481 2011;[START_REF] Kiparsky | The Innovation 872 Deficit in Urban Water: The Need for an Integrated Perspective on Institutions, 873 Organizations, and Technology[END_REF]. This is likely to create inertia, impeding or delaying adoption 482 [START_REF] Brown | Delivering sustainable urban water management: a 638 review of the hurdles we face[END_REF]Brown 2005). There will be a need to address the regulatory 483 environment and governance of real-time controlled systems, so that innovation and 484 competition are facilitated, but that the benefits of centralised control can be realised.

485 Ownership 486 One key tension impacting the adoption of RTC is who owns the right for control. Unlike 487 wastewater systems, SCMs equipped with RTC are deployed at a variety of scales and on land 488 owned by a variety of actors, therefore involving both public and private spaces and actors.

489 Centralised control by a government agency could conflict with private property or interest, 490 resulting in potential social impediments. Similarly, the distributed control may fail to deliver 491 a collective optimal outcome due to simultaneous intervention from different stakeholders.

492 Furthermore, there could be potential conflict of interests even within the public sector.

493 Therefore, such an obscure ownership and operational jurisdiction could slow down the 494 development of the investment model for the deployment and ongoing effort for maintenance. 496 RTC potentially creates new concerns for cyber security and data privacy. Failure to identify, 497 prevent and manage cyber attacks can lead to large-scale system disfunction (Ebersold and 498 Glass 2016;[START_REF] Brous | A Systematic Review of Impediments Blocking Internet of 628 Things Adoption by Governments[END_REF], introducing new risks to public health and safety.

499 Vulnerabilities can also increase the risk of information leakage, resulting from potential 500 exposure of private information (e.g. the diurnal pattern of rainwater usage). These 501 consequences may also affect user risk perception and could undermine trust and usage 502 behaviour. Future study must focus on the standards of data protection that minimize the risk 503 of cyber security problems during system design. 

  Real-time control of SCMs network, including current decentralized control at 342 small scale and future potential of distributed control at large scale. 343 3.3 Future vision of integrated water management 344 Overall, real-time control offers a real opportunity to advance conventional water systems 345 (Table

  

2 Distributed control at large scales

  [START_REF] Barron | Dual-mode 578 stormwater-greywater biofilters: The impact of alternating water sources on treatment 579 performance[END_REF]). Future study is required to further understand the effect of RTC on their 176 performance, through both modelling and empirical proof-of-concept. This also includes the 177 development of robust control models to provide accurate performance prediction and real-

	307 3.1 Current decentralized control at local scales 308 Despite the increasing number of studies on real-time control for optimising stormwater control 175 (178 time operation. 306 3. Effect of scale 318 3.
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13 228 229 Figure 2. Conceptual representation of conventional storage-based stormwater control measure 230 (i.e. detention basin and rainwater harvesting system) adapted from Fletcher et al. (2013). The 231 elements in brown present the components required to enable the real-time control (RTC) of 232 the system. RTC of storage-based stormwater control measures generally control the outflows 233 for a range of objectives.

Table 2 .

 2 Advantage and drawbacks of passive versus active control of SCMs. RTC = Real-For example,Shishegar et al. (2019a) and[START_REF] Shishegar | Predictive Real-Time Control 1074 Optimization of a Stormwater Management System[END_REF] utilized an 397 optimisation-based control to minimize the total outflow discharge from a detention basin for 398 flood control, while preventing unnecessary movement of the outlet gate. Therefore, such a

	356 wastewater treatment plant in combined systems). The states of all these assets could be
	357 visualized and managed in a central control system, where a universally integrated water
	358 system is then formed to deliver sustainable future in smart cities.
	359	In addition to its impact on operation of the urban water system, real-time technology
	360 could change the relationship between people and water management. Real-time information
	361 triggers feedback from private householders, giving them the ability to proactively choose to
	F 362 coordinate their systems with the overarching network. This coordination can avoid major
	r o 363 infrastructure upgrades and reduce problems of water scarcity. Financial incentives could be
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al. 2019)

, 355 thus significantly reducing the resources required for downstream centralized treatment (e.g. 364 used to illicit such contributions, inspired, for example by economic innovations pioneered in 365 the energy market

(Giordano and Fulli 2012;[START_REF] Rodríguez-Molina | Business Models in the Smart Grid: Challenges, Opportunities and Proposals for 1021 Prosumer Profitability[END_REF]

. Doing so could 366 transform the private householder from passive consumers to active providers of urban water 367 service, envisioning new governance models. Such application will, however, be confronted 368 by challenges from both technical and socio-economical perspectives.

405

Appropriate selection and design of control strategies is vital to the implementation of 406 RTC-based SCMs. Control strategies have received significant attention in the urban drainage 407 literature. Heuristic-based control can be appealing because no control-oriented model is 408 required and the resulting control seems rational

  systems due to its capacity in handling multi-variable systems (for further 422 detail, extensive review can be found inLund et al. (
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  , and Population Dynamics-based control[START_REF] Ramírez-Llanos | A population dynamics approach for the water 1000 distribution problem[END_REF] 426 Barreiro-Gomez et al. 2015). Additionally, the type of RTC strategies (e.g. rule-based or 427 optimisation-based) and process model used (e.g. fast or detailed, linear or non-linear, 428 stochastic or deterministic) intimately link to the selection of controllers. Therefore, there is a 429 critical need to test different control approaches in operating RTC SCMs. By improving such 430 understanding, it will then be possible to posit the most robust ways to operate SCMs at a range 431 of scales and levels of complexity.

	473 4.2 Social-economic Challenges
	474 Institutional Inflexibility
	475 The broader adoption of RTC largely depends on the regulatory environment and whether it
	476 hinders or facilitates adoption. This is because water-related services are often centrally
	477 provided by government, semi-government agencies or private companies operating as natural
	478 monopolies (Marques 2010). The research on RTC is arguably focussed primarily on the
	F F F 479 technological invention, with less attention paid to the need for institutional innovation. Such
	o r o r o r 480 a phenomenon can be widely found in the water sector
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  Use of RTC technology has the real potential to improve current urban water management and 513 overcome existing barriers. RTC can improve the performance of various type of SCMs at the 514 site scale, in terms of both runoff quality and quantity. There is an untested potential to tackle 515 the mix of scales, where RTC could gather the decentralised small-scale systems into a virtually 516 connected network, achieving much greater control of urban runoff at catchment scale. More The author gratefully thank South East Water (especially David Bergmann and Jeddah Breman) and 537 Melbourne Water Corporation for support and input. The authors gratefully thank Hugh P. Duncan for 538 contributing initial ideas about this paper. This research received financial support from Melbourne Water, through the Melbourne Waterway 543 Research-Practice Partnership (http://mwrpp.org) and from the European Union's Horizon 2020 544 research and innovation programme under Grant Agreement no. 786566 (https://mind4stormwater.org). 545 Wei D. Xu also received a Melbourne Research Scholarship provided by The University of Melbourne 546 and South East Water Corporation. South East Water Corporation also provided operating expenses 547 for this research. The support is gratefully acknowledged. -30. doi: https://doi.org/10.1016/j.ecoleng.2017.02.053. 556 Al-Rubaei, A. M., Engström, M., Viklander, M., and Blecken, G.-T. 2016. "Long-term 557 hydraulic and treatment performance of a 19-year old constructed stormwater 558 wetland-Finally maturated or in need of maintenance?" Ecological Engineering 559 95:73-82. doi: https://doi.org/10.1016/j.ecoleng.2016.06.031. 560 Amos, C. C., Rahman, A., and Gathenya, J. M. 2016. "Economic Analysis and Feasibility of 561 Rainwater Harvesting Systems in Urban and Peri-Urban Environments: A Review of 562 the Global Situation with a Special Focus on Australia and Kenya." Water 8 (4):149. 563 doi: https://doi.org/10.3390/w8040149. 564 Ashley, R., Lundy, L., Ward, S., Shaffer, P., Walker, L., Morgan, C., Saul, A., Wong, T., and 565 Moore, S. 2013. "Water-sensitive urban design: opportunities for the UK."
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	531	(5) creating new regulatory environment and governance models for implementation;
	532	(6) identify ownership and operational jurisdiction for deployment and maintenance;
	533	(7) developing data protection technique to minimize the risk of cyber security;
	534	(8) developing a suitable business model to drive the investment.
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