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Abstract Studies in Real—Time Control (RTC) Rainwater Harvesting Systems (RWH) have to date been
limited to the control of single storages, leaving the potential benefits of operating multiple storages in a
coordinated manner largely untested. In this study, we aimed to design an optimization-based RTC strategy that
can operate multiple storages in a coordinated manner to achieve multiple objectives. We modeled the long-
term performance of this coordinated approach (i.e., termed as coordinated control) across a range of storage
sizes and compared it with a strategy that optimized the operation of each storage individually, ignoring the
state of other stores within the system. Our results show that coordinated control delivered a synergy benefit

in achieving better baseflow restoration, with almost no detriment to the water supply and flood protection
(overflow reduction) performance. The efficiency achieved through coordinated control allows large storages
to compensate for smaller, underperforming systems, to achieve higher overall performance. Such a finding
suggests a general control principle in building coordination among multiple storages, which can potentially be
adapted to mitigate flooding risks, and also applied to other stormwater control measures. This also opens up

a new opportunity for practitioners to construct a future “smart rainwater grid” using a network of distributed
storages, in combination with centralized large storages, to manage urban stormwater in a range of contexts and
for a range of environmental objectives.

Plain Language Summary “Smart tanks” based on Real—Time Control (RTC) technology is
increasingly applied in rainwater harvesting systems to address water shortages, urban flooding and streams
depleted of flow. However, most uses of this technology have been applied to single tanks, without testing
the potential of a network controlled in a coordinated manner to better address the environmental problems.
To understand the effect of such coordination, we designed a control strategy accordingly and modeled its
performance using a customized model. We found that a network of smart tanks can, in most cases, deliver a
synergy benefit in restoring streamflow compared to systems that only work on their own. More importantly,
this coordination allows large tanks to compensate for smaller, underperforming tanks, to achieve higher overall
performance. It suggests a general control principle in building coordination among multiple storages, which
can potentially be adapted to mitigate flooding risks, and also applied to other stormwater control measures.
It opens up a smart future for managing urban water in a range of contexts and for a range of environmental
objectives.

1. Introduction

Rapid urbanization since the mid—20th century has created critical challenges for water management. Population
growth and dwindling freshwater resources imperil water security globally (Vérosmarty et al., 2010). Landscape
change through increased impervious cover decrease infiltration and evapotranspiration in the urban environment
(Barron et al., 2013; Haase, 2009), resulting in excessive surface runoff and increased peakflow, increasing flood-
ing risks (Nirupama & Simonovic, 2006). Such a gross change to the natural water cycle also commonly reduces
groundwater recharge and stream baseflow (Bhaskar, Beesley, et al., 2016; Ferguson & Suckling, 1990; Rose &
Peters, 2001). The conventional hydraulically-efficient drainage network, which directly connects surface runoff
to the receiving water, further perturbs the natural flow regimes through increased frequency and magnitude
of stormwater flow (Leopold, 1968), along with reduced recession time (Burns et al., 2005). These hydrolog-
ical changes drive substantial geomorphic modification (Hammer, 1972; Russell et al., 2020), habitat loss and
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ecological degradation in urban streams, leading to a reduction of ecosystem services and biodiversity (Bunn &
Arthington, 2002; King et al., 2005; Poff et al., 1997; Walsh et al., 2012).

Rainwater Harvesting (RWH) Systems have been widely used to mitigate urban stormwater impacts (Campisano
et al., 2017). Rainwater is a traditional source of water supply (Gardner & Vieritz, 2010; Mikkelsen et al., 1999;
Ward et al., 2012). RWH systems are also a type of storage-based Stormwater Control Measure (SCM), which
capture, store and divert the rainwater from direct runoff to end-use, thus reducing the amount of excess flow
delivered to receiving waters and mitigating flooding risks (Fletcher et al., 2007; Jamali et al., 2019; Schubert
et al., 2017). More importantly, while much attention is paid to the influence of SCMs on peak flows, increas-
ing recognition has been paid to the importance of SCMs in simultaneously restoring often-depleted baseflows
(Bhaskar, Hogan & Archfield, 2016; Hamel et al., 2013; Price, 2011; Walsh et al., 2016), inspired by the concept
of natural flow paradigm (Poff et al., 1997). Rainwater harvesting systems can potentially deliver such a benefit
by releasing some of the retained rainwater through a passive orifice in a temporal pattern close to that of the
natural flow regime (Burns et al., 2012). One limitation of passive systems, however, is that they often lack the
constant and high usage to consume the previously stored rainwater, thus unable to create sufficient headroom for
upcoming storm runoff, thus leading to frequent uncontrolled system overflows (Jones & Hunt, 2010).

In recent times, Real-Time Control (RTC) technology has begun to be applied in RWH systems to enhance system
performance in flood protection and baseflow restoration, while providing a decentralized source of water supply
(Roman et al., 2017; Xu, Burns, et al., 2020). It provides conventional (i.e., passive) RWH systems with the
ability to utilize digital information (e.g., rainfall forecast) and adapt system operation according to the real-time
situation, enabling the operation to evolve from static to highly adaptive (Kerkez et al., 2016). RTC systems are
generally equipped with a sensor-activated outlet to manipulate in-store volume and system outflow for various
objectives (e.g., baseflow restoration). A range of modeling and empirical studies have designed RTC rules to
release part of tank water prior to the event, thus minimizing the magnitude and frequency of uncontrolled over-
flow, with very little detriment to water supply (Behzadian et al., 2017; Gee & Hunt, 2016; Melville-Shreeve
et al., 2016). One study has also attempted to restore more natural stream baseflow through persistent low-rate
discharge (Xu et al., 2018).

Real-time control systems can be further optimized using a longer rainfall forecast window. Xu, Fletcher,
et al. (2020) tested a RTC system using a 7—day lead precipitation forecast and concluded that increasing the fore-
cast window is vital to better attenuate the peak flows, as it extends the prediction horizon of controlled release.
Furthermore, it gives time to adjust for errors in the forecast that become evident each day with the occurrence of
the actual rainfall. Such an operation also results in delivery of an outflow regime that more closely approaches
the behavior of pre-urban (reference) streamflow, revealing a promising potential for more complete restoration
of the natural flow regime.

Despite the increased use and benefits of RTC RWH systems, the focus to date has mainly been on the efficiency
and improvement in a single system, ignoring the potential benefits from coordination of multiple elements
across a system (Xu, Burns, et al., 2020). The benefits, but also the complexity, can potentially grow when
multiple storages are integrated and operated in a coordinated manner to improve collective outcomes. Such an
integration is likely to provide synergies in enhancing the overall system efficiency, beyond the simple cumula-
tive effect of each system element.

Optimization-based RTC is widely applied in urban water systems. It typically involves a mathematical opti-
mization problem which represents the desirable outcomes and which seeks the optimal control actions based
on system variables (Garcia et al., 2015; Shishegar et al., 2018). Such an approach can optimize the control of
an individual system, such as a reservoir (Fontane et al., 1981; Piccardi & Soncini-Sessa, 1991), wastewater
treatment plant (Ahmed & Rodriguez, 2020; Kim et al., 2004; Sweetapple et al., 2014) or a centralized SCM
(e.g., detention basin; Shishegar et al., 2019). It can also optimize the control of multiple elements in an inte-
grated system, such as urban drainage networks (Ocampo—Martinez et al., 2013) and water distribution networks
(Cembrano et al., 2000; Creaco et al., 2019), where the control needs to understand and account for how the
various elements interact.

Various algorithms are applied in the optimization-based control of urban water systems (see detailed
review in Garcia et al., 2015), especially for the coordinated control of multi-element systems. Marinaki and
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Papageorgiou (2003) developed a multi-variable linear-quadratic regulator to prevent overflow from a combined
sewer network by using all available storages space in an optimal way. Other simulation-optimization based
techniques, such as genetic algorithms, are also applied to solve more complex control problems, which often
involve non-linear system models to reflect detailed system dynamics (Lund et al., 2018; Shishegar et al., 2018).
Fu et al. (2008) applied a genetic algorithm, specifically the Non-dominated Genetic Algorithm IT (NSGA-II;
Deb et al., 2002), to optimize the collective operation of a sewer network, wastewater treatment plant and its
water quality impact on the receiving water. Meng et al. (2017) utilized the same approach to further optimize
the control of this integrated system by reducing the cost while simultaneously maximizing the environmental
outcomes. Such an application was then extended to investigate the various regulatory implications of the RTC
technology (Meng et al., 2020). The genetic algorithm was recently applied in controlling multiple RWH systems.
Di Matteo et al. (2019) and Liang et al. (2019) modeled two storages operated in a coordinated manner, enabled
by the NSGA II algorithm, demonstrating an enhanced performance in mitigating flow peaks in large rainfall
events. However, this study only optimized for a single objective and predicted system performance over a short
period (i.e., <24hr), without demonstrating the performance over the long-term.

Comprehensively understanding the potential for synergies when RTC is used to optimize multiple rainwater
storages in a coordinated manner, is a prerequisite to moving beyond individual household rainwater harvesting
to a future involving a hybrid of centralized and decentralized SCMs (Sapkota et al., 2018). In this study, we
aim to design an optimization-based RTC strategy to operate multiple RWH storages in coordination with each
other (termed here as Coordinated Control) and assess its long-term effects on water supply, flood mitigation and
waterway flow regime restoration. We also developed and modeled a RTC strategy that shares the same triple
objectives, but optimizes each storage in isolation (termed here as Local Control), to reveal the degree of synergy
that can be obtained using a coordinated optimization. Coordinated and Local Control are termed here to describe
the contrasted structure of the control problem, where one operates the system with coordination between each
element in the system, while the other operates each element for its individually optimal performance (Chen
et al., 2021; Han et al., 2018; Sandell et al., 1978). These strategies are also compared to a conventional rainwater
harvesting system (i.e., a passive system without any release) during a 5.5—year simulation period, to consider
the best water supply performance.

We hypothesize that coordinated control can deliver a synergy benefit in achieving better baseflow restoration,
with almost no detriment to the supply and flood mitigation (overflow reduction) performance of the integrated
system. Our results demonstrated that coordinated control allows large storages to compensate for smaller, under-
performing systems, thus achieving higher overall system performance. Our work provides useful insights for
application of coordinated control in smart hybrid stormwater management scenarios.

2. Methods
2.1. Optimal Control Strategy

We developed two optimization-based RTC strategies which operate multiple rainwater harvesting systems in
different ways. Coordinated Control considers all elements as an integrated system. The controlled release is opti-
mized for the collective outcome and therefore influenced by the status (i.e., tank level and outflow rate) of each
and every tank within the overall system. In contrast, the Local Control optimizes the operation of each element
in isolation, without considering the overall system status.

Both strategies optimize common control objectives, including overflow volume reduction, water supply and,
baseflow restoration. The overflow volume reduction objective aims to minimize uncontrolled overflow during
the control horizon, using a controlled release. Baseflow restoration attempts to provide a contribution to base-
flow in downstream receiving waters, using a controlled release at a rate matched to streamflow in a reference
condition (i.e., prior to urbanization). This is achieved by setting a baseflow target based on the relative size
of roof catchment to the overall catchment size, which attempts to counteract reduced infiltration (and thus
contribution to groundwater and stream baseflow) at each land parcel. Doing so is based on the rationale that
aquatic ecosystems in urban areas not only need reduced frequency and magnitude of peak flows, but need main-
tenance of baseflows to ensure adequate area of wetted habitat (Olden & Poff, 2003). Similarly, water supply
aims to satisfy the household demand for (non-potable) water requirements. This is achieved by minimizing
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Table 1
Objective Functions for Coordinated Control and Local Control

Objectives Coordinated control Local control

Min overflow (L) to+H) to+H,
Min E Z Qui.r Min Z Qﬂi_,, Vi e NT
1=ty iENT =ty
Max supply (L) to+H, to+H,
Min Z Z |Yis — Diyl Min Z |Yis — Dis|, Vi€ Ny
iENT t=tg (=
Mimic baseflow (L) fo+H, to+H,

Min E Z (Qbi,rQai,I) - Qlarge!,:, Min Z Qbi,r + Qoi.r - Qlargel,(, ) Vie NT

1=ty |ieNy 1=t

Note. Where Q,,, is the overflow (L/timestep) from tank i at time ¢, Y;,is the rainwater supply (L/timestep) from tank i at
time ¢, D;,is the demand (L/timestep) from tank i at time ¢, Q,;, is the controlled release (control variable) from system i at t
(L/timestep), Quarge,, 18 the reference streamflow (L/timestep) from system at time ¢. Ny represents the set of tanks.

the deviation between yield and predicted end-use patterns (see Section 2.2.1 for more details). Therefore, the
controlled outflow Qy, (i.e., control variable) from tank i (i € Nr) at time t is determined by solving a multi-ob-
jective optimization problem in a finite rolling time horizon (i.e., prediction horizon H,; see more details in
Section 2.2.4). The objective functions are presented in Table 1 (see example in Figure 1).

The control variable Q;, is also subject to a capacity constraint, which is derived from the tank water balance,
to limit the sum of controlled release over the prediction horizon to no more than the available storage volume.
Water balance at each time step is also constrained by the tank behavior model, to ensure that the water balance
is respected at all times (see details in Section 2.2.3)

to+H), to+H), to+H),

Vier+ ) Qay= D, Y2 ) Qu,20,i € Ny ¢))

1=t 1=t 1=t

Figure 1. Conceptual representation of a multiple tank system operated by integrated real-time control.
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where V;,_is the volume (L) in system i (i € Nr)at the end of time step ¢ — 1 (previous), Q,,, is the system i
predicted inflow (L) derived from rainfall forecast at time t (see more details in Equation 2).

For illustration, Coordinated Control aims to minimize overflow by calculating the sum of overflow volume
Q, from all systems i (i € N7) at time ¢ and summed over the length of the prediction horizon H,. For the
Mimic Baseflow objective value, total outflow from the network, which includes the controlled release Q,;,
and overflow Q,; , is first summed from all system elements i (i € Nr). At each time 7, the absolute deviation
from reference streamflow Q\argey,, 18 then calculated and summed over the prediction horizon H,. Similarly, the
Max Supply computes the absolute deviation between yield Y; ,and demand D;,. By contrast, while the objective
functions are similar, Local Control neglects the factor of systems i in the network, and so only optimizes the
objective values within each system.

2.2. Modeling Framework

A triple tank system was designed to simulate and compare the outcomes of the two contrasting control strategies
stated above (i.e., Ny = {1, 2, 3}) (Figure 1). A modeling framework was written using R software (version 4.0.0)
(R Core Team, 2020), including four core modules: (M1) prediction, (M2) optimization, (M3) simulation, and
(M4) evaluation (Figure 2). The prediction (M 1) and optimization (M2) are both run at a daily timestep. Doing so
matches the (daily) timestep of the 7—day rainfall forecasts (sub-daily forecasts are not available over this 7—day
forecast window), meaning that decisions to change the valve status (i.e., releases) occur once a day, as the new
forecast becomes available. Limiting operation to daily also has benefits of protecting the valve and actuator from
excessive wear and premature failure (Shishegar et al., 2019). The simulation (M3) is run every 6 minutes, in
order to appropriately capture the inflow dynamics (Mitchell et al., 2008) and to assess the performance of the
control strategy. The assessment (M4) is performed at the end of simulation, integrating all the 6—min steps for
the entire timeseries.

2.2.1. Input Data

Rainfall forecast data was sourced from the local meteorological authority (Bureau of Meteorology, 2020) to
predict inflows, and, therefore, overflow (M1) which would occur in the absence of control actions. We extracted
7—day lead mean daily predicted rainfall during 2014-03—-01 to 2019-08—31 in Eastern Melbourne (i.e., Lat:
—37.92, Long: 145.32). This data set was generated by the Australian Community Climate Earth—System
Simulator (ACCESS) (Bureau of Meteorology, 2010) and has been applied in a previous study (Xu, Fletcher,
et al., 2020).

Rainfall and streamflow observations were obtained at the same location during the same period. They were
gauged every 6 min to compute system inflow (M3) and the baseflow release target (M1, M2, and M3) respec-
tively. In total, 550 rainfall events were extracted in this location which has an average annual rainfall of 945 mm.
An individual rainfall event was defined as having more than 0.2 mm of rainfall and 1.2 mm/hr rainfall intensity
with an antecedent dry period of at least 2 hours (i.e., initial loss is only applied when there is a minimum 2—hr
antecedent dry period), to represent initial loss. While more sophisticated approaches can be used, such as contin-
uous tracking of the net flux of input and output (evaporation) from depression storages, we prefer to adopt this
simple approach, given that it overcomes the need to integrate or model evaporation data.

Baseflow targets were derived using a nearby reference stream with a near-natural catchment. The streamflow
record was used to provide four baseflow targets from median flow (i.e., Q50) covering the periods December—
February (summer), March—May (autumn), June—August (winter), September—November (spring) to account
for seasonal variation, with a mean of 0.26 (+ 0.12) mm/day (i.e., standardized by catchment area). Only outflows
that are within >0-<2 x the baseflow target are considered as baseflow release to be evaluated (see detailed
methods in Table 2). Flows that are higher than this are assumed to result in hydraulic impacts that will degrade
the channel form and stream habitat, and are thus not assumed to satisfy the requirements of baseflow.

Ten scenarios were simulated to represent a range of realistic storage sizes in the network. Scenarios were
constructed by selecting a combination of three tanks, where the size of each tank could be either 2, 7.5 or 15 kl.
Repetition is allowed during the selection, such that combinations of tanks could include tanks of different sizes,
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Figure 2. Conceptual representation of modeling framework.

or where two or three of the tanks were of the same size (refer to the table of scenarios in table S1 in Supporting
Information S1). Each of the storages in the triple tank network drained a 150 m? roof catchment and supplied
water for a range of domestic water uses, including toilet flushing, dishwasher, and clothes washing. The demand
profile was adopted from Xu et al. (2018) and consistent with a typical indoor diurnal pattern. It has a total daily
consumption of 132 L/d, with peak consumption of 10.3 L/hr at 7 p.m. and the lowest usage of 2.4 L/hr at 2 a.m.
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Table 2
Assessment Metrics for Triple Objectives of Rainwater Harvesting
Assessment metrics Equation Description
Overflow reduction efficiency (%) SieNy 2y Qo Q,;, 1s tank overflow from system ;i at ¢ (L/6 min), Q,, , is the
Er=[1- ———+— ’ i infl : : "
DieNy Ty (Qﬂ“) system i inflow (L/6 min) at time 7.

Water supply efficiency (%)

Baseflow efficiency (%)

Y, is the rainwater supply (L/6 min) from tank i at time ¢, D;, is
the household demand (L/6 min) from tank j at time ¢. T is the
entire simulation period (i.e., 5.5-year). n is the total number of
timesteps. nr is the total number of systems (i.e., 3).

T
Euo= Y ¥ 2/ (nxnr)x 100%

i€ENy t=1 i

E, is the total baseflow efficiency (%), Ej, is the baseflow

i <2 _ Qou, ) L 1< Qou, <2 efficiency at timestep 7. Qqy, is the sum of all tank outflow at
Ey =4 , Qé\rgct, QQlargcl, time 7, including overflow Q,, and controlled release Qy;. Quarger,
outy L 0< L is the referenced streamflow (L/6 min) for all tank at time ¢.
=1 Qlargcl, Qlurgcl,

E, = Eﬂ x 100%

2.2.2. M1 Prediction

The prediction component (M1) utilized the rainfall forecast data to predict the system inflow prior to the actual
events (Equation 1, rainfall-runoff model):

Qau = (Ri.t - Rloss) X Ai 5 Vi (S NT (2)

where Q., is the system i inflow (L) at time 7, R;, is the forecast rainfall depth (mm) at in system i time 7, Rjoss
is the initial loss (i.e., depression storage on the roof surface) which is set as 0.2 mm/day. A; is the roof size of
system i.

2.2.3. M2 Optimization

The optimization component (M2) is the central algorithm to decide control actions under different strategies.
First, 500 sets of candidate control plans (i.e., daily controlled release from three different systems in the next
7 days) are stochastically generated. Future system overflow and yield are then predicted using inflow fore-
cast (M1) and initial tank level. This is computed by the Rainwater Harvesting Behavior Model using Yield—
After-Spillage rules, which provides a more accurate estimation of yield (Fewkes & Butler, 2000, Equations 3-5).
Overflows are also included and considered as unregulated — that is, they occurred whenever inflows exceeded
storage capacity. This allows the detailed system dynamic to be captured, but also makes this model nonlinear.
The presence of any first flush diversion system was excluded in the tank behavioral model, given that the use,
type and volumetric behavior of filtration devices, if present, is highly variable.

Vi,r—l + Qa,(, - Si
Qo = max 3
0
D,
Y:; = min (@]
Vi,t—l - Qbi,t

Vi,t—l + Qa,‘, - Yi,t - Qbi,r
Vis = min (5)

Si - Yi,i - Qbivt
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Figure 3. Illustration of the selection of optimal controlled release in scenario S7 (i.e., 7.5 + 7.5 + 7.5 kl) using Coordinated Control on Jan 26, 2016 for the next 7—
day period, which represents a typical optimization when overflow is predicted.

Where V; ,and V;,_ are the volume (L) in system i (i € Nr)at the end of time step ¢ (current) and 7 — 1 (previous)
respectively, Y;,is the rainwater yield in system iat t (L/timestep), Q,;, is the controlled release (control variable)
from system i at t (L/timestep), Q,;, is tank overflow from system i at t (L/timestep), .S; is tank storage capacity (L)
of system i, D;,, is the demand (L/timestep) from tank i at time ¢, Q,,, is the system i inflow at time 7 (L/timestep).

NSGA-II (Deb et al., 2002), a popular evolutionary algorithm for multi-objective optimization, was employed to
optimize the candidate RTC plans, given the non-linearity caused by the overflow component in the tank behav-
ior model. By mimicking the natural selection and evolution process in NSGA II, RTC plans continuously evolve
in each generation toward achieving better optimization objective values, which are calculated by functions
previously explained in Table 1. Optimization in Coordinated Control was performed by a single optimization,
considering the candidate control plans from three different tanks altogether, while this is performed separately
in Local Control, given the operation of each tank is undertaken in isolation. Both optimizations utilized the same
algorithm settings and convergence tests have been made (see details in Supporting Information S1 Text S3).
Five repetitions of the optimization algorithm were conducted for each daily simulation, to reduce the risk of the
search algorithm becoming trapped in a local optimum. Each run evolves a population of 500 candidate solutions
that eventually provides a good approximation to the Pareto front, exploring the trade-offs between objectives,
which lead to a total of 2,500 candidate RTC strategies. This is achieved via the R package “mco” (Mersmann
et al., 2014). The performance of these strategies was then plotted against the three objectives (see example in
Figure 3).

Finally, the optimal control is selected based on pre-defined criteria. The top hierarchy of the criteria is mini-
mized overflow, meaning that overflow objective has a dominant impact on the selection of the optimum combi-
nation given the potentially catastrophic consequences of urban flooding, followed by maximized supply and
then baseflow (Figure 2). Therefore, the first batch of candidate optimal solutions is selected based on the lowest
overflow objective value. These solutions are then filtered by the lowest objective value for supply and baseflow
respectively. While overflow was dominant in selection of the optimal solution sets, the simulations were found to
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be robust to the precision in overflow, such that relaxing the constraints so that small overflows were allowed, did
not have any meaningful impact on the values of water supply or baseflow in the optimal solution set. The RTC
plan determined as the final optimal solution is implemented and fed into the (M3) simulation.

2.2.4. M3 Simulation

The simulation component (M3) models the consequent performance of optimized control using the rainwater
harvesting behavior model (Equations 3-5). While the three tanks within the network are modeled separately,
outflows (i.e., overflow and controlled release) from each system are summed to give the total network discharge,
which is then assessed by the evaluation component (see Section 2.2.5). Actual system inflow in the simulation
module is computed by observed (i.e., rather than forecast) rainfall (mm/6 min) using Equation 2, applying an
initial loss of 0.2 mm (Laing et al., 1988), with an antecedent drying period of 2 hr. Actual water level at each
timestep is the function (Equations 3-5) of inflow, yield, controlled release, and previous level, which is recorded
at the end of the previous timestep.

The optimization and simulation components are operated on a receding horizon, which is commonly applied
in Model Predictive Control of urban drainage systems (Lund et al., 2018). M2 optimizes the RTC plan for the
next 7 days, given its ability to better inform controlled release long before the actual event and at a rate that is
much closer to the natural hydrology (Xu, Fletecher, et al., 2020). However, only the actions in the next 24—hr
period are implemented in the simulation component, due to the rolling correction of forecast information. Thus,
optimization is conducted recursively at 15:00 daily (i.e., when weather forecast is updated).

2.2.5. M4 Evaluation

Three assessment metrics are adopted (Table 2) to evaluate the long-term performance for supply, overflow
reduction and baseflow restoration (Quinn et al., 2021). The assessment of baseflow efficiency is based on the
total outflow from all three tanks, viewed as an integrated system, to reveal the potential efficiency gained from
collective optimization. RTC release that is within twice of the baseflow target is considered as baseflow release.
The percentage composition of collective baseflow release from each tank is also quantified, to reflect the indi-
vidual system behavior in different control strategies.

3. Results
3.1. Selection of Optimal RTC Strategy

The optimization of RTC strategies indicated trade-off between the three control objectives. For example, Coor-
dinated Control showed most of the Pareto optima concentrated around the axis of flow deviation (i.e., volume
difference between the released water and baseflow target), meaning the objective value of overflow and yield
deficit were nearly zero (Figure 3a). Moreover, an increase in the rate of controlled release (as detailed in the
equation in Table 1 Mimic Baseflow) results in a decrease in the volume of overflow, but also results in a
greater deviation between the target baseflow and the delivered flow (Figure 3b). A similar relationship was also
demonstrated between overflow and yield, although the difference in yield was minor (Figure 3c). The strategy
selected as optimal (i.e., red dot in Figure 3) was shown to cause the least overflow, but led to nearly the largest
deviation from the reference baseflow target (i.e., on the far right of Flow Deviation axis), although the range is
small (=10 L/d).

3.2. Baseflow Restoration: Benfits of Coordination

Controlling the network with coordination between storages was demonstrated to deliver better baseflow resto-
ration. Coordinated Control demonstrated an average (i.e., across all scenarios) of 62.8% baseflow efficiency,
which is 4.2% higher than achieved by local control (see Figure 4a). Such an advantage is comparatively larger
when a small sized system (e.g., 2 kl) is integrated with larger systems (e.g., 7.5 kl and 15 kl). Replacing one
2 ki storage in scenario S1 with a 15 kl system (i.e., scenario S3) nearly doubled the baseflow efficiency using
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Figure 4. Collective baseflow efficiency of multiple rainwater harvesting systems operated by coordinated and local control in a range of scenarios, including: (a)
collective baseflow efficiency; (b) the proportion of baseflow release that is smaller or bigger than the target; (c) baseflow contribution from each storage. Ten scenarios
were derived from the combination of different sized storages. The maximum performance of baseflow efficiency (i.e., Table 2) is 100% where the baseflow target is
fully satisfied during 5.5—year simulation period.

Coordinated Control, while the improvement was less using Local Control, revealing a clear potential synergy
when integrating multiple storages within a coordinated network.

More importantly, Coordinated Control was shown to release more flow above the baseflow target, especially
when small and large systems operated together in coordination, creating synergies. For a network simultaneously
including a 2 and 7.5 or 15 kl storage (i.e., scenario S2, S3, S4, and S5), baseflow release within the target range
(i.e. the controlled release rate is within 1x—2x the target baseflow rate) averaged only 34% of the time using
Local Control, but this increased to 48% in the Coordinated Control (Figure 4b). However, this advantage dimin-
ishes when all the storages are of the same size (i.e., scenario S1 and S9), due to the absence of synergy benefits.

Moreover, individual storages perform the baseflow release differently among the two control strategies. For
example, in scenario S2 (i.e., two 2 + one 7.5 kl storages), the 7.5 kl storage in Local Control contributes 47.9%
of the total baseflow efficiency achieved by the three storages. However, Coordinated Control elevates this
proportion by 10% (Figure 4c). Such an increase leads to higher total baseflow release volume (Figure 4a), while
also resulting in less water discharged by the small storages (i.e., 2 kl). A similar composition of baseflow release
is also shown in scenario S3-6, where a 2 kl system is integrated with larger storage(s) (e.g. 7.5 or 15 kl). This
difference diminishes when storage sizes are increased (e.g., scenario S9).

The outflows of all RTC systems were characterized by a flow duration curve, with a comparison to the reference
streamflow (Figure 5). All RTC systems were shown to provide a more constant overall flow regime and more
natural low-flow regime than did the conventional tank system without RTC. Scenario S2 operated by Coor-
dinated Control produced higher low flows across different seasons (i.e., four stages), especially during Q25—
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S2 (i.e.,2+2+7.5kl)and 9 (i.e., 7.5 + 15 + 15) in conventional setting and two control strategies compared to the
reference streamflow on a pro-rata base (i.e., considering catchment area of 3 x 150 = 450 m?). System outflow is the sum of
overflow and any controlled release.

Q90 flows (Figure 5), which corresponds to higher baseflow efficiency as previously demonstrated (Figures 4a
and 4b).

Nevertheless, abundant baseflow release can lead to longer subsequent no-flow periods, especially when a small
tank is involved. The Coordinated Control in scenario S2 experienced cease-to-flow conditions from Q92, while
it occurred less frequently using Local Control (i.e., Q97). Not surprisingly, almost no difference is demonstrated
between the two control strategies in scenarios that have larger storage size (e.g., 7.5 + 15 + 15 kl), where
sufficient volume of baseflow is maintained over long periods (i.e., until nearly Q99), due to the large volume of
storage available.

3.3. Water Supply: Individual Benefits

Water supply performance was similar for both coordinated and local control. Both RTC systems demonstrated
an average of 3.3% lower supply efficiency compared to the conventional settings across all scenarios (Figure 6).
The decrease in efficiency is comparatively larger in small sized systems (e.g., scenario with 2 kl storage), dimin-
ishing in large systems, demonstrating a similar trend to the observations for baseflow efficiency.

3.4. Overflow Reduction: Local Benefits

RTC systems were able to achieve greater reductions in uncontrolled system overflows compared to conven-
tional systems without RTC (Figure 6). Local and coordinated control were shown to perform similarly in reduc-
ing overflow volumes. The Local Control, optimizing only each element in the system, doubled the overflow
reduction efficiency compared to conventional passive systems in all scenarios, ranging between 72% and 89%
(Figure 6). Coordinated control of the integrated system delivers the same level of advantage in overflow reduc-
tion as Local Control, reducing the total overflow volume over the 5.5—year simulation period by 830 kI on
average. In addition, the results show that operating the system by RTC provides a much better flood protection
than simply increasing the tank capacity.
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Figure 6. Evaluation of water supply (top) and overflow reduction (bottom) performance in a range of multiple rainwater harvesting storages operated by coordinated
and individual optimization, comparing to conventional systems without RTC. The maximum performance of supply efficiency (i.e., Table 2) is 100% where the
demand is fully satisfied. The maximum performance of overflow reduction efficiency (i.e., Table 2) is 100% where there is no overflow occurred during 5.5—year

simulation period.

RTC systems were also shown to reduce the magnitude and flashiness of high flows. RTC systems demonstrated
lower high flows compared to conventional systems, especially for <Q1 flows, although systems with larger
storage size achieved higher high flow reduction (Figure 5). Almost no difference was observed between local
and coordinated control during Q3—Q10 flows, even when increasing the storage size from 2 to 15 kl (i.e., S2
compared to S9).

4. Discussion

4.1. The Impact of Coordination

Controlling multiple rainwater storages in a coordinated way using optimization leads to better outcomes
compared to operating them in isolation. Indeed, Coordinated Control delivers better baseflow efficiency, with-
out any meaningful detriment to the water supply and overflow reduction performance. This advantage is most
notable when the system includes storages of different size (e.g., small integrated with large storages). In this
case, the coordination tends to result in large storages delivering increased baseflow release relative to that which
occurs in Local Control, to compensate the under-performing small systems and ensure the collective flow target
is delivered.

For systems with uniform properties (e.g., identical tank capacity, roof size and flow target), the two RTC strate-
gies — local and coordinated — present a similar behavior and performance. This is because the lack of variation
limits the opportunity to explore any benefits in coordination. In the same manner, when systems are large enough
(i.e., 7.5 and 15 kl), even with variation, to cope with the three objectives, they do not need to depend on each
other, thus the Coordinated Control offers little advantage over Local Control.
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The compensatory benefits, led by coordinated optimization, will likely be powerful in practical implementation,
where rainwater tanks will vary greatly in size, catchment area and end-use demands. Coordinated Control will
make the optimal use of each rainwater tank in the overall system, allowing the performance of undersized stor-
ages to be compensated by the behavior of others. Incorporating RTC with coordination into existing networks
would allow overall system performance to be improved without expanding existing storage capacity. For new
systems, it would theoretically allow individual elements to be smaller than would otherwise be ideal, given the
compensation from other elements in the integrated system.

Doing this can help to reduce the overall cost of the system, particularly in high-density urban environments,
where space is limited (i.e., insufficient space for large tanks). For example, this might lead to a new funding
model where a private developer has an option to financially contribute to the construction of larger public
assets, using the cost saving from smaller on-lot stormwater control measures. Such a finding highlights the great
potential of Coordinated Control for future novel implementations of RTC systems in stormwater management.

However, the compensation contributed by larger systems does create the adverse effect of leaving insufficient
water for future baseflow release. For example, the baseflow restoration of Local Control outperformed the Coor-
dinated Control in scenario S9 (i.e., 7.5 + 15 + 15 kl), although the difference is minor. This results from the
optimization. Large storages in the Coordinated Control situation tend to release more water ahead of a forecast
rainfall event than in the Local Control, to compensate for inadequate baseflow from small storages. While this
enhances the overall system performance within the limited prediction horizon of 7 days, it also depletes the large
storages, thus leading to more cease-to-flow conditions, as large tanks have emptied earlier than they otherwise
would have. Further work could be undertaken to balance this risk, for example by nominating a dead-storage
(i.e., to limit the maximum drawdown) below which baseflow releases cannot be extracted.

An important question related to the future design of such systems is the extent to which hydrological metrics
serve to deliver a desirable ecological integrity in the local context. This is underpinned by broader ecological
management questions about whether cease-to-flow conditions should be preserved (thus potentially contributing
to regional biodiversity; Poff et al., 2010), or whether baseflow should be provided to increase wetted habitat and
thus local biodiversity (Chiu et al., 2017) and social amenity values of waterways (Shafer et al., 2013). Regard-
less, RTC can provide flexibility to adjust the operation tailored to the ecological (and social) needs, without
major infrastructure modification. The optimal control we tested sought to mimic the reference streamflow by
maximizing the baseflow volume during the 7—day horizon, but this could be easily adapted to mimic reference
cease-to-flow conditions, if desired. Moreover, future RTC can consider more complex seasonal variations in the
streamflow target. It might also correspond to real-time flow gauging and potentially serve habitat needs during
the breeding season or other critical life cycle stages for local biota, even for a short period. Ultimate optimization
for the broader environmental benefits of RTC requires more precise ecological specification in the local catch-
ment context, such as the desirable baseflow rates and acceptable cease-to-flow duration.

By definition, there will be no synergy in the flood mitigation performance using the individual-storage based
overflow reduction metrics described in this study. It focusses on the long-term volumetric performance of uncon-
trolled overflow of each individual tank, rather than considering the overall flow consequence across the network
(Quinn et al., 2021). This also explained the lack of synergy benefits for water supply as the harvested rainwater
in our scenarios was applied through a tank-specific supply system (i.e., not networked), which is typically the
case for rainwater harvesting (Campisano et al., 2017). There is, however, the potential to further mitigate the
overall catchment flood risk through the coordination of multiple RTC storages using network-scale optimiza-
tion, taking into accounting the routing and travel time of flow peaks through the drainage network. A previous
study has explored the possibility to reshape the collective flow through alternate release from multiple SCMs,
thus reducing the catchment outlet peak flow (Mullapudi et al., 2018). This coordination requires optimization
across two dimensions — timing and magnitude of the controlled release from each element within the network.
This also requires the incorporation of a routing algorithm, ideally through a case-study catchment (because it
is utterly case-specific), so that the travel time and rate of subsequent integrated outflow at downstream can be
predicted and optimized. Doing so can potentially create a novel operation of decentralized SCMs (e.g., distrib-
uted storages) to minimize the hydraulic disturbance and subsequent geomorphic degradation of receiving stream
channels (Russell et al., 2020) and reduce the risk of combined sewer overflow (Garofalo et al., 2017), where
applicable.
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4.2. Implementing Optimization in Practice

In our study, the use of the NSGA II algorithm had the major advantage of being able to handle the non-linear and
multi-objective nature of the optimization problem, which are common characteristics of many water manage-
ment optimization problems (see the review by Nicklow et al., 2010). It can also represent more computational
challenges, especially when concerning the implementation of control in real-time (Zimmer et al., 2015). While
the efficiency could probably be improved by parallel computing, the justification will depend on the number of
system elements and the length of the control horizon required for a given application. In this study, we applied
a 24—hr control interval, which is well accommodated by the computing time (i.e., approximately 5 min/day) of
NSGA Il in a single-core, 32 GB RAM computing environment provided by Spartan High Performance Comput-
ing (HPC) (Lev et al., 2016). However, this might not be sufficient for representing the mitigation of peak flows.
Future investigation could test its impact at a fine-scale timestep (e.g. sub-hourly), at least for the parts of the
time-series with rainfall (Staple, 1966).

The optimization used here favored overflow reduction over other objectives, resulting in releases of water at a
higher rate prior to rain events (Figure 3), similar to the mechanism of pre-storm release of Gee and Hunt (2016).
Future implementations may choose to apply different weightings between the objectives, or to apply constraints
on outflow rates, depending on the catchment context.

Optimization allows us to gain more in-depth knowledge on the operation of RTC systems, which can help in
forming the best-performing rules in a subsequent rules-based implementation of RTC (Garcia et al., 2015). The
decision-making process for rule-based and optimization-based control are fundamentally different, whereby
rule-based RTC generally requires the design of specific control rules to guide system operation, while the opti-
mization-based RTC only requires general control objectives which then lead to the operation by solving optimi-
zation problems. Improved efficiency, revealed by sufficient optimization studies, can potentially be translated
into a set of RTC rules, which can be easily applied in operational deployment, without the computational cost of
on-going mathematical optimization.

4.3. Potential for a Future Smart Integrated Water Network

While this study explored a first and arguably simplistic application of Coordinated Control to a network of
rainwater storages, it opens up the possibility for complex and ambitious networks, across the urban water
system. Rainwater harvesting networks could coordinate with other SCMs, such as detention basins (Shishegar
et al., 2019). Distributed storages could retain the runoff at their maximum capacity and only release once the
desired detention time (i.e., measure of resident time before discharge) is reached at the downstream basin, to
ensure optimal water quality and flow outcomes (Carpenter et al., 2014; Gaborit et al., 2013). Several authors
have identified the promising potential of integrating the management of combined sewer systems, wastewater
treatment plants and receiving waters using RTC technology (Eggimann et al., 2017; Fu et al., 2008; Meng
et al., 2017; Olsson, 2012). This also opens up the possibility of a future “smart rainwater grid” using a network
of distributed small storages of rainwater, in combination with centralized large storages.

While the idea of a smart rainwater grid that brings together centralized and decentralized “water managers”
is promising, such a vision has significant socio-economic considerations. One potential tension impacting the
adoption of Coordinated Control in such networks is that private asset owners with larger storages may not wish
for “their storage” to compensate for the underperformance of others. Their motivation for having installed such
a storage may depend primarily on the private benefits obtained (e.g., water saving), even where the installation
has been supported by a public-private hybrid funding model (Nemes et al., 2016). They may fear that compen-
sating for underperforming systems might reduce their discretionary tank water, thus impacting on these private
benefits (e.g., water supply), even though this trade-off has been shown in this study to be minor (Xu et al., 2018).
This potential social impediment poses a fundamental question about the ownership and operational jurisdiction
around this technology. There is likely a need for novel market-based instruments able to incentivize contri-
butions to the overall network outcomes, using temporal dynamics in market supply and demand, potentially
drawing inspiration from the feed-in-tariff in current hybrid energy market (Pyrgou et al., 2016) to motivate the
participation of stakeholders.
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4.4. Future Research

Future research is required to explicitly consider the spatial elements and catchment hydraulic characteristics
of real-time controlled networks of tanks. This will provide an improved understanding of the spatial-temporal
behavior of the RTC outflow from integrated storages, which can potentially lead to a future integration with
other urban water system components. More complex flow targets, derived through local ecohydrological studies,
are also essential to implement RTC technology for the benefit of receiving waters.

Another promising area of research is the performance of Coordinated Control in real-world implementation. The
benefits of coordination revealed by this study can potentially be translated into a set of RTC rules that could be
readily applied in stormwater management practice. While this technology has proven to be feasible in the field
(Bartos & Kerkez, 2021; Oberascher et al., 2021), further exploration of its feasibility and efficiency will allow
future optimization and improvement of this technology. To do so, however, requires new governance structures
and associated business models that will facilitate adoption.

5. Conclusion

In this study, we aimed to design an optimization-based RTC model that enables coordination between multiple
Rainwater Harvesting Systems to deliver a collective outcome across multiple objectives; water supply, base-
flow restoration and overflow minimization. We modeled and assessed its performance in a range of scenarios,
comparing it to an Local Control that only optimized the operation of each element in isolation. We concluded
that Coordinated Control could deliver a synergy benefit in achieving better baseflow restoration without any
real detriment to the supply and overflow reduction performance of the integrated system. Coordinated Control
allows larger storages to compensate for smaller, underperforming storages, thus achieving higher overall perfor-
mance. This work provides valuable insights to both the advantages and trade-offs of Coordinated Control of
multiple RTC systems and highlights a promising component of future integrated smart water networks.

Data Availability Statement

The rainfall and streamflow data were sourced from Melbourne Water (https://www.melbournewater.com.au/
water/rainfall-and-river-levels#/) at Lysterfield station (228229B). The Rainfall forecast data were purchased
from The Australian Digital Forecast Database, Australian Bureau of Meteorology (http://www.bom.gov.au/
weather-services/about/forecasts/australian-digital-forecast-database.shtml).
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