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Abstract

There is a growing interest in South Africa to supplement water demands by harvesting
stormwater as concerns over the security of the country’s water supply increase. Studies have
demonstrated the potential for stormwater harvesting (SWH) to simultaneously provide water
to meet non-potable water demand and mitigate flooding by minimising stormwater flows to
downstream locations of urban catchments. To determine pathways to enhance these benefits,
application of Real-Time Control (RTC) system to operate a dam outlet could potentially be
used to store stormwater.

To investigate the economic viability of harvesting stormwater through RTC from an
existing dam, a case study was performed on a representative urban catchment — the UCT
watershed, located in Cape Town, South Africa. RTC procedures were applied to the UCT dam
operations to initiate pre-storm releases in real time based on rainfall forecast. Four different
stormwater harvesting configurations that modelled non-potable water demands were
developed. A catchment stormwater model and a Life Cycle Cost Analysis (LCCA) were used
to model the four configurations.

The study identified benefit in application of RTC linked to increase in harvested
stormwater and reduction of water loss through overflow. Continuous simulation was
employed at the UCT dam to determine the prospects of enhancing SWH to deliver non-potable
water for irrigation of sports fields. The study compared performance of Static control
approaches to SWH with application of RTC. The dynamic management of the UCT dam with
RTC approaches increased yield and volumetric reliability whilst maintaining the required
level of service of a stormwater harvesting system. Static control approaches result in water
savings of approximately 9% in comparison to RTC. In addition, Static configurations
harvested stormwater at a relatively low unit cost in comparison to RTC configurations. Hence,
RTC approaches increase yield and volumetric reliability with relatively low-cost implications.
In addition, RTC approaches has the potential meet about 6.4% to 10.9% of the residences
potable water demand respectively whilst satisfying irrigation demands if stormwater could be
fully treated. It was found that SWH with RTC required special design as it provides an active
operation which, across varying climatic conditions optimizes the performance of the system.

It was concluded that the SWH system with RTC technology exhibits great potential; the
ability of an RTC system to provide centralised control and failure detection, which can be
readily adapted to variation of climate and local conditions over both the short and long term
provides a system that is more stable and reliable.



Table of Contents

PlagiarisSm deClaration ...........ccoociiiiiiiececce et i
N 0] 1 1o SO SS P T PR i
TS 0] = o] PRSP vi
I TS o) 10 [N 3SR vii
ACKNOWIBAGEMENTS ...ttt ettt esteeaesneenneenne s IX
ACronyms and abhIEVIATIONS ..........oviiiiiiiiiiise et X
R 11170 To L1 Tox {To] o IS USSPV PRURPRPRRPIN 1-1
1.1 BACKGIOUNG ....cooiiiiiiiiiieee et 1-1
1.2 Problem StatemMeNnt.........ccoiiiiiie e 1-2
1.3 RESEAICN QUESTION......ciiiieciece ettt ene s 1-3
1.4 RESEAICH ODJECTIVES ...t 1-3

2 LITEratUre REVIBW .....eoiieeieiiieiieeie sttt sttt e st e beanaesneesteeneesreenseaneenrees 2-1
2.1 OVEIVIBW .ttt bbbttt et et bbb b et ene e 2-1
2.2 WALET SCAICITY ...vevieieieeiieiiee ettt bbbttt bbbt 2-1
2.3 Dynamic management of water resources Without RTC ..........cccocevvnieniiinieninnnn, 2-2
2.4 Dynamic management of water resources With RTC...........cccoviiieviiiiciicie e, 2-3
2.5  Approaches to StOrage SIZING.........ccoeririiierieieniesie st 2-3
2.6  Climate Forecasts applicable to South Africa.........cccccvevviiiiiiie i 2-4
2.7 Models for rainfall-runoff ... 2-8
2.7.1  SWMM and PCSWMM appliCation...........ccccoeririnieiiieiee e 2-8
2.7.2  MUSIC @PPHCAIION .....oeiiiiiiiticieteeee s 2-9
2.7.3  WEAP apPliCAtiON .....cc.ecieiieeiecie e 2-10
2.7.4  PYSWMM ..ottt 2-11

A T o) 1 SRS 2-12

2.8 Stormwater harvesting efficiency assesSmMeNt..........cccevvviiieiieiiievie e 2-12
2.9  Control of urban drainage system in general ............ccooveveienenenene e, 2-14
2.9.1  Passive control and RTC.......ccviieiieiiiieceee e 2-14
2.9.2  Impediments to the implementation of RTC ... 2-17
2.10 Real Time Control Strategy........ccccoriiiriiieieie et 2-18
2.10.1  The General Sratgy .......ccocuiireriieieie ettt 2-18
2.10.2 The Radar Based FIOW FOreCast ...........ccovveiiiiiiieieiie e 2-18

2.10.3  The EXPECted COSt......cciiieiieiiieiie et 2-19



2.10.4  Optimization ROULINE........ccveiiiiieieecie e 2-20
2.10.5 Connection to Local Control UNItS.........cccevviieiieneniesiesesie e 2-20
2.11  LeVel Of CONLIOL.....c..oiiiiee e e 2-21
2.12  RUIE-DASEA RTC ..ottt bbbt 2-23
2.13  Optimization-Based RTC.........cccoiiiiiiiieieee e 2-24
2.14 MPC DbaSIC PIINCIPIES ... 2-25
2.15 Procedure for Assessing the RTC for a given SyStem ..........ccccoccvevevvevnccveseennnn, 2-27
2.16 Urban drainage systems with Rule-based RTC..........cocooiiiiiiiiiniieceee 2-30
2.16.1 Diep River sub CatChMENT..........ocoiiiiiiiii e 2-30
2.16.2 QuEDbeC City CAlCNMENL..........cviiie e 2-35
2.16.3  Tehran draiNage SYSIEM .......ccuiiiieieie ettt 2-39
2.17 Urban drainage systems with optimization based RTC ..........cccoiiiiiininicnenn, 2-42
2.17.1 The case study of Norfolk, Virgina USA.........c.ccceviiviiiiiiece e, 2-42
2.17.2  Simple case study of two retention basins and sub catchments..................... 2-44
2.17.3  Ann Arbor, Michigan urban headwater catchment.............ccccoovevviiiiinnnnnn, 2-46
2.18  Summary Of HtEratlure FEVIEW..........cccveiuiiiiecie it 2-50
METNOTOIOQY ...ttt 3-1
T8 @ V=T VT USROS 3-1
KT (010 V. - DSOS SUROSRRSR 3-2
3.3 Model deVEIOPMENL.......cciie e 3-4
3.4 DAt ACHUISTTION .....cuiiieiiiiicieee ettt bbbttt 3-5
3.4.1  Catchment topography .......covcviiiiiice e 3-5
3.4.2  SOIl INFIration data.........ccooeiiiieiiieee e 3-5
KB S U [ O o - o SR 3-6
344 RAINFAIl HAA......ooiiiieiiec s 3-6
3.4.5  EVAPOration data ........cccceieeiiiiieiiiccie et 3-7
3.4.6  WaLer demMANG .....ccueiieiieiieeeee ettt ene e e nes 3-7
3.5  Stormwater model CONSLIUCTION .......ccviiiieieieiese e 3-9
KT O[] 0] -4 0] DTSSR 3-9
3.7 Static control SIMUIALIONS .........cccveriiiieiiece e 3-12
3.8  Simulations of a Real-Time Control Retrofit...........cccccoviiiiiieiiniiieeee 3-13
3.9 ECONOMIC ANAIYSIS......iiiiieiiiiie ettt 3-16
3.9. 1 CAPILAl COSES ....iviiiieiieieieie et 3-16
3.9.2  MAINTENANCE COSTS ...uviiutiiiieiiieieeiie st ettt ettt ettt sre e be e e nreas 3-16
3.9.3  OPEration COSTS.....ccuvieiiieiiieiiie et ee ettt e e ae e e b e et e ne e 3-16
3.9.4  Life Cycle COSt ANAIYSIS ......cceiiiiiiiiiie s 3-17

3.10 Summary of the MEthod ........ccviiiiiic 3-19



4 RESUITS AN dISCUSSION .....ccuviiieiiiiiiiiite sttt bbbt 4-1
O R @Y= V- ST PSRR 4-1
4.2  Impact of RTC on annual yield and volumetric reliability ............c.ccocoiiinnnnn, 4-1
4.3 Unit cost of harvested SIOrMWALET...........cccovviiiiriiiiie e 4-3
4.4  Impact of Real — Time Control Technology ..., 4-5
T O o 1 SO PRSPPI 4-5

5 Conclusions and ReECOMMENTALIONS .........cueiirierierierieiise e 5-1
5.1 OVEIVIBW ...ttt sttt e s e st e sbe st et e e e e neesbeeteeneesbeenbeaneenneas 5-1
5.2 Study CONTIDULION ......eiiiiiieiie et 5-1
5.3  Recommendations for fULUre reSEarch..........ccoceveieiiiiininieee e 5-1

B RETEBIBNCES ..ttt e e re e nre s 6-1

T AAPPENAIX ettt bbb bbbt 7-1
7.1 Appendix 1: UCT Dam DetailS.........ccccviieiieeiiiie s 7-1

7.1.1  Appendix 1a: OULIET STTUCLUIE ........cveiiiiiiiciiere e 7-1
7.2 Appendix 2: Static control configurations ...........c.ccoceveririeieieie e 7-2
7.2.1  Appendix 2a: SCL CONIOl FUIES .......cveiieeieeieceece e 7-2
7.2.2  Appendix 2b: SC2 coNtrol FUIES........ccoiviiiiiiiiee e 7-4
7.3 Appendix 3: PYSWMM Sample COUE ........coeiiiiiiiiiiirieieeie e 7-9
7.3.1  Appendix 3a: PySWMM Script for RTC-1 and RTC-2 .......ccccccvevvevveiecienen, 7-9
7.4 Appendix 4: Economic calculation module ............c.cooevieiiiiiiicie e, 7-10
7.4.1  Appendix 4a: LCCA Costing Module for SC1 & SC2.........ccccovvvvvivivnnenn. 7-10
7.4.2  Appendix 4b: LCCA Costing Module for RTC-1 & RTC-2........ccccveevvnnen. 7-11
7.5  Appendix 5: BOrehole 100S.......ccoviiiiiiiiieie e 7-12
7.5.1  Appendix 5a: New Engineering Building...........ccccoovviiininiiiiniiceen, 7-12
7.5.2  Appendix 5b: New Lecture Theatre.........cccccveeeieeiecieseeceee e 7-17

7.6 Appendix 6: EthiCS ClearanCe.........cccoveiieiiiii i 7-22



Vi

List of tables

Table 2-1: RTC terms (after Lund et al., 2018) 2-15
Table 2-2: Categorization of control methods (after Lund et al., 2018) 2-16
Table 2-3: Summary of comparison of salient features of urban drainage system case studies
and methodology adopted for the study 2-51
Table 3-1: Depth — Area curve 3-6
Table 3-2: UCT Campuses Status Quo Results (Zutari, 2020) 3-8
Table 3-3: Calibration and validation results of water levels 3-12

Table 3-4: Electricity Tariffs (CCT, 2022) 3-16



Vil

List of figures

Figure 2-1: Schematic of a probabilistic forecast using initial condition uncertainties (Slingo &

Palmer, 2011) 2-5
Figure 2-2: lllustration of the basic approach used to establish radar-based flow forecasts
(Thorndahl et al., 2009). 2-19
Figure 2-3: The expected cost or RTC (Grum et al., 2011) 2-20
Figure 2-4: The various levels of complexity of Real Time Control systems (Vallabhaneni &
Speer, 2011) 2-23
Figure 2-5: The concept of MPC, including the receding horizon principle and optimization.
TOF D time of forecast (Lund et al., 2018) 2-26
Figure 2-6: Flow chart of RTC planning procedure (after Erbe et al., 2007) 2-29
Figure 2-7: Conceptual design of an open storage stormwater harvesting system (Mitchell et
al., 2006) 2-30
Figure 2-8: The six SWH scenarios — RTC strategy and Water demand Alternatives (WDA) —
modelled (Rohrer & Armitage, 2017) 2-31
Figure 2-9: Schematic of RTC options: (a) RTC strategy A; (b) RTC Strategy B; (c) RTC
Strategy C (Rohrer & Armitage, 2017) 2-32

Figure 2-10: Rules of the first three developed RTC scenarios. OP = opening percentage; DET
TIME = detention time (Gaborit, 2013) 2-36

Figure 2-11: Rules of the ‘“‘evolved D’ strategy and examples of rules of the RTC scenarios
relying in addition on forecast information; WAT. ACC. TIME = time spent with water
accumulated in the pond (water accumulation time); P xxh = total rainfall depth forecasted over
the next xx hours; Pxx to yyh = total rainfall depth forecasted between the next xx and yy hours

(Gaborit et al., 2013) 2-36
Figure 2-12: Discrete water level in the detention reservoir (Jafari et al., 2019) 2-40
Figure 2-13: Decision variable vector (Jafari et al., 2019) 2-40
Figure 2-14: MPC workflow (Sadler et al., 2018) 2-43
Figure 2-15: Setup and workflow (Heusch & Ostrowski, 2011) 2-46
Figure 2-16: Graphical representation of (a) an integrator-delay model and (b) the block
diagram of the feedback controller (Wong & Kerkez, 2018) 2-48
Figure 3-1: Conceptual framework for the adopted research approach 3-2
Figure 3-2: The City of Cape Town in South Africa 3-3
Figure 3-3: The UCT dam in Cape Town 3-3
Figure 3-4: The UCT watershed 3-4

Figure 3-5: Proposed irrigation pipeline route and pump station location (Zutari, 2020) 3-8



viii

Figure 3-6: SWMM Simulation Options and Map 3-9
Figure 3-7: Observed and simulated water levels 3-11
Figure 3-8: Observed and simulated water levels (calibration period) 3-11
Figure 3-9: Observed and simulated water levels (validation period) 3-12

Figure 3-10: Comparison of GFS and measured rainfall data (NOAA, 2022; SAWS, 2022) 3-
14

Figure 3-11: RTC-1 algorithm, executed every five minutes. RF = rainfall. Vol RO = volume
of runoff estimated from an equation taken from Woods-Ballard et al. (2007). Vol Ex =

maximum volume — current volume of water in the UCT dam. 3-15
Figure 3-12: RTC-2 algorithm, executed every five minutes 3-15
Figure 4-1: Average annual yield per configuration 4-2
Figure 4-2: Volumetric reliability per configuration 4-2

Figure 4-3: Water level in the UCT dam (12,5m maximum depth) during 23 July 2019  4-3
Figure 4-4: Water level in the UCT dam (12,5m maximum depth) during 10 October 2019 4-3
Figure 4-5: Equivalent annualised cost for each configuration 4-4

Figure 4-6: The unit cost of harvested stormwater for each configuration 4-4



Acknowledgements

| thank God for granting me the grace and strength to complete this MSc research programme
at the University of Cape Town. My grace is sufficient for you, for my power is made perfect
in weakness (2 Corinthians 12:9). | truly appreciate my family; especially my parents, Mr and
Mrs Mogano, siblings Mpho and Thomas who provided a social support structure that enabled
me to complete the MSc programme.

| wish to extend my sincere gratitude to my supervisor and mentor Dr John Okedi for his
availability, direction and advice throughout the course of this research, he supported me both
academically and emotionally and helped me improve my report writing skills. His guidance
and mentorship have made me an improved person academically and professionally.
Department of Water and Sanitation (DWS) funds made this MSc programme possible. I also
appreciate the colleagues and friends associated with the Urban Water Management research
group that supported me in the MSc programme including Professor Neil Armitage, Dr Kirsty
Carden, Miriam Arinatiwe, Anabel Matalanga, Motlatsi Monyake and Roberto De Oliveira.
Special thanks to my friends including Sanele Baloyi, Sam Makhoane and Hlasoa Mahlelebe.

Lastly, | appreciate the South African Weather Service (SAWS) and City of Cape Town
(CCT) for proviting data that was used for this research. My gratitude to the community of
PySWMM for assisting me in completing this MSc programme. Special thanks to UCT and
SAWS staff members including Thomas Slingsby, Lionel Smit, Nthabiseng Letsatsi and
Robin-Lee Batties. | thank you all.



Acronyms and abbreviations

AGCMs
API
BDC
BMPs
BOM
CCT
CMAC
CoCT
CPI
CSAG
CSIR
CSO
DDS
DEAP
DEM
DEWA
DEWNR
DORA
EA
EAC
EC
ECC
EPA
GCMs
GEP
GFS
GIS
loT
LCCA
LID

Atmosphere-only General Circulation Models
Application Programming Interface
Beaverdam Creek

Best Management Practices

Bureau of Meteorology

City of Cape Town

Continuous Monitoring and Adaptive Control
City of Cape Town

Consumer Price Index

Climate System Analysis Group

Council for Scientific and Industrial Research
Combined Sewer Overflow

Decision Support System

Distributed Evolutionary Algorithms for Python
Digital Elevation Model

Division of Early Warning and Assessment
Department of Environment, Water and National Resources
Dynamic Overflow Risk Assessment
Evolutionary Algorithms

Equivalent Annualised Cost

Environment Canada

European Control Conference

Environmental Protection Agency’s

General Circulation Models

Global Ensemble Product

Global Forecast System

Geographic Information System

Internet of Things

Life Cycle Cost Analysis

Low Impact Development



LPV
LQR
MPC
MUSIC
NCDENR
NCEP
NSE
NWP
NWS
OWA
PBIAS
PID
PLC
QPF
RBC
RTC
RWH
SAWS
sc1
SC2
SCADA
SCM
SCOOP
SS
SST
SWH
TSS
UDS
UNEP
WDA
WPCP
WSUD

Little Princess Vlei

Linear Quadratic Regulators

Model Predictive Control

Model of Urban Stormwater Improvement Conceptualization
North Carolina Department of Environment and Natural Resources
National Centre for Environmental Prediction
Nash-Sutcliffe efficiency

Numerical Weather Prediction

National Weather Service

Open Water Analytics

Per cent Bias
Proportional-Integral-Derivative
Programmable Logic Controller
Quantitative Precipitation Forecasting
Rule-Based Control

Real-Time Control

Rainwater Harvesting

South African Weather Service

STATIC CONTROL 1

STATIC CONTROL 2

Supervisory Control and Data Acquisition
SAWS Coupled Model

Scalable Concurrent Operations in Python
Suspended Solids

Sea Surface Temperatures

Stormwater Harvesting

Total Suspended Solids

Urban Drainage System

United Nations Environment Programme
Water Demand Alternatives

Water Pollution Control Plant

Water Sensitive Urban Design

Xi



xii

WWTP Wastewater Treatment Plant
ZAR South African Rands



1-1

1 Introduction
1.1 Background

The role of stormwater management becomes crucial to the sustainability of urban
environments as development continues to increase (Schmitt et al., 2020). Urbanization is
known for restricting infiltration, thus altering flow regimes of ground and surface waters
resulting in ‘flash’ flows and larger runoff volumes characterized by higher velocities and
increased peak discharges (Dietz & Clausen, 2008; McGrane, 2016). Hydrologic changes result
in degradation of surface waters downstream of areas due to loss of biodiversity and aquatic
habitat, increased sediment loading and erosion (Jackson & Booth, 1997; Vietz et al., 2015).

Integration of existing stormwater infrastructure with Real-Time Control (RTC) is a
promising, low-cost adaption for adjusting or improving functionality to a changing hydrologic
environment (Kerkez et al., 2016). RTC allows for adaptive stormwater management through
combination of the technology of the Internet of Things (1oT) with science of urban hydrology
(Schmitt et al., 2020). An RTC system uses conditions and actuators (pumps, motorized valves,
etc.); and employing internet-connected (flow meters, precipitation gauges, depth sensors, etc)
for response to stimuli through manipulation of the outlet discharge in ‘real-time’ or almost
instantaneously. The term Continuous Monitoring and Adaptive Control (CMAC) may be
considered equivalent to RTC found in previous studies (Lefkowitz et al., 2016; Roman et al.,
2017; Wright & Marchese, 2018).

RTC has been used to mitigate harmful combined sewer overflow (CSO) events in
combined sewer systems (Schmitt et al., 2020). RTC implemented in South Bend, in a
Midwestern city took advantage of existing capacity, resulting in a cost approximately $150
million less than a traditional infrastructure upgrade and reduced CSO volumes by as much as
50% (Montestruque & Lemmon, 2015). Similar results have been accomplished for other case
studies in Spain, Denmark, Germany, Canada and United States (Nielsen et al., 2010; Ocampo-
Martinez et al., 2013; Seggelke et al., 2013; Stinson et al., 2000). The application of RTC is a
relatively new area for separation of storm sewers, with differences in objectives to those of
combined sewer system (Schmitt et al., 2020). Marsalek (2005) showed the potential of RTC
to persevere the hydraulic mitigation time whilst maximizing detention time because RTC
allows adoption of flexible operating strategies that are appropriate to the conditions that
prevail over the catchment and inside the pond at a given instant. For dry ponds, this basically
implies maximizing water retention time by adapting the outlet opening percentage, while still
being able to completely open it for severe storms (Gaborit et al., 2016).

While stormwater infrastructure is largely static, the ability of dynamic weirs, gates and
valves to more closely achieve desired hydraulic conditions have long been recognized. The
use of manually adjustable valves can be applied for dredging purposes, emergency facility
drawdown, or other maintenance activities and is common practice in the design and
maintenance of extended detention ponds (Nashville & Davidson County, 2009; ODOT, 2014;
US EPA, 2009). It is feasible to add automatic controls to previously manually or passive
controlled stormwater facilities due to recent advancements and reduced cost of internet
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connected sensors and actuators (Bartos et al., 2017; Kerkez et al., 2016). A heuristic or rule-
based control algorithm is commonly applied as an automation of RTC (Gaborit et al., 2013;
Goodman & Quigley, 2015; Jacopin et al., 2001; Middleton & Barrett 2008). Here, control
rules are manually programmed typically in the style of an ‘if-then-else’ logic structure before
the RTC system is online (Schmitt et al., 2020). Design and implementation of Rule-based
control (RBC) typically require expert knowledge of the urban drainage system (Vitasovic,
2006).

Gravitational settling in dry detention facilities provides water quality benefits, however,
are short in nature; during the next large event, sediments will likely be re-suspended without
regular dredging (Schmitt et al., 2020). The studies by Papa et al. (1999) and Vallet (2011)
showed the potential of settling to improve water quality through removal of suspended solids
with associated pollutants. Maximizing the retention time of water inside the pond maximizes
settling (or sedimentation) (Gaborit et al., 2016). Hence, during the day; this could, for instance,
allow UV disinfection (Vergeynst et al., 2012). However, increased probability of outflows
following large storm events would result in an attempt to reduce the structure’s maximum
outflow to increase the detention time (Guo, 2002; Marcoon & Guo, 2004). This is not desirable
since smoothing the flow pattern of the larger storms is an objective of the basin (Shammaa et
al., 2002). The RTC of detention basins can limit the intensity and duration of flows that are
erosive from high frequency storm events (typically smaller the 2-year storm) that cause
streambank instability to best improve water quality (Jackson & Booth, 1997; Palhegyi, 2010;
Tillinghast et al., 2011; Vietz et al., 2015).

Thus far, the use of optimization-based control approaches such as model predictive
control and linear-quadratic regulators is a shift that RTC practitioners and researchers have
turned towards for prevention of downstream capacity exceedance by urban drainage systems
(Garcia et al., 2015; Marinaki & Papageorgiou, 2003; Wong & Kerkez, 2018). However,
operations personnel cannot easily understand and adjust these systems which are
computationally intensive and make decisions in a ‘black box’ (Vitasovic, 2006). The
implementation of translucent, rule-based or optimization-based control could mitigate the
novelty of RTC technology for stormwater management applications that may be a hinderance
to its adoption (Schmitt et al., 2020).

1.2 Problem statement

Conventional management of urban stormwater i.e., promptly collect and convey runoff to
downstream locations usually leads to loss of a valuable water resource especially from a water
scarce and drought affected area like South Africa. Dynamic management of stormwater with
RTC i.e., continuous control of flow rates and storage volumes would provide capacity for
SWH, additional peak flow attenuation to mitigate flood risk and water quality improvement
from extended detention.
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1.3 Research question

Can SWH from the UCT dam located at the University of Cape Town be enhanced by linking
the outlet to rainfall prediction such that the dam is emptied ahead of major storm events and
optimise use of available storage.

1.4 Research objectives

1. Identify and review the different rainfall forecasting systems that are currently available,
and which are most appropriate for South Africa

2. Assess the reliability of these rainfall forecasting systems with respect to various rainfall
intervals at a specific location; and

3. Assess the likely impact of the forecast on an RTC system for stormwater harvesting.

4. Provide guidance on dynamic management of storage with RTC to enhance SWH

This thesis consists of six chapters. Chapter 1 (this one) provides an introduction including a
background, problem statement, research question and objectives. Chapter 2 is a review of the
available literature relating to water scarcity in South Africa, real-time control systems;
methods to model, analyse and improve a stormwater harvesting system. Chapter 3 includes an
overview, study area, available data, economic analysis, methods used in modelling SWH.
Chapter 4 presents the results of this research by analysing the performance measures of
stormwater harvesting configurations; the chapter also discusses the impact of RTC technology
and cost. Chapter 5 concludes the dissertation, providing a concise summary of its findings.
Chapter 6 offers a list of recommendations for future research. A reference list and appendices
are provided at the end of this thesis.
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2 Literature Review
2.1 Overview

This chapter presents various approaches and examples in literature that were used to develop
the concept for the study on enhanced stormwater harvesting (SWH) at the University of Cape
Town (UCT) dam through application of Real-Time Control (RTC). Section 2.2 discusses
water scarcity. Section 2.3 features conventional management of water resources. Section 2.4
contains dynamic management of water resources. Section 2.4 highlights approaches to storage
sizing. Section 2.6 focuses on rainfall forecasts that are applicable to South Africa. Section 2.7
presents models for rainfall-runoff such as PCSWMM, MUSIC, WEAP, PyYSWMM and Csoft.
Section 2.8 explains SWH performance indicators, Section 2.9 highlights the control of urban
drainage system in general such as passive control and RTC, operational goals for RTC and
impediments to the application of RTC. Section 2.10 discusses RTC strategy by focussing on
the general strategy, radar-based flow forecast, expected cost, optimization routine and
connection to local control units. Section 2.11 contains level of control of RTC ranging from
local to regional to global. Section 2.12 focuses on Rule-based RTC such as the heuristic
control logic. Section 2.13 highlights the Optimization-based RTC such as linear-quadratic
regulator, evolutionary strategies, model predictive control (MPC) and population dynamic-
based control. Section 2.14 discusses the principles of MPC such as the receding horizon
principle and optimization. Section 2.15 presents the procedure for assessing RTC for a given
system by considering three main steps. Section 2.16 features urban drainage systems with
Rule-based RTC technology implemented in South Africa, Canada and Iran. Section 2.17
presents urban drainage system with Optimization-based RTC technology while section 2.18
focusses on summary findings in the literature review.

2.2 Water Scarcity

Conserve Energy Future (2018) defines water crises as the lack of sufficient unpolluted water
resources within a region to meet water consumption demands which has become an
indisputable reality for some cities around the world. This is due to increased water demand
for consumption and occurrence of drought alongside growth of urban populations. Water
crises was also intensified by other factors inter alia lack of maintenance of infrastructure
changing climate and water supply (Swyngedouw et al., 2002; Bakker, 2013a, b). Water crises
in many countries around the world has led to the use of non-conventional water sources such
as stormwater to meet non-potable water demands including inter alia garden irrigation, toilet
flushing etc (Mitchell, et al., 2008). Water crises is evident in countries such as the United State
of America, Australia, Brazil and South Africa.
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2.3 Dynamic management of water resources without RTC

Water crises in the state of Florida, USA which occurred in November 2005 due to severe
drought led to the construction of stormwater harvesting facilities to augment water supplies
(Philp et al., 2008). The tropical climate of the south of Florida has 70% rainfall which occurs
from May to September, which gives a lot of potential for storage of stormwater (O’Malley,
2007). This means that, Stormwater could be potentially harvested during wet season in most
regions in south Florida and utilized for irrigation and other uses during the dry period (Shukla
& Jaber, 2006). Many areas of the State of Florida use nearly 50% of potable water delivered
to residential units for irrigation of lawns (Winielista, 2006), which means that stormwater
storage facilities could supplement potable water used for irrigation with non-potable water
(Philp et al., 2008). The Australian cities such as Brisbane, Melbourne and Perth experienced
the so-called ‘millennium drought’ (1996-2010) which led to reduction of water supply levels
to meet water demand for different regions due to variations in conditions aggravated by
climate change (Fitzgerald, Stanford & Khan, 2014; Lindsay & Supski, 2017). The Brazilian
city of Sao Paulo in the Southeast region experienced water crises in 2014 to 2015 which was
driven by political intransigence and drought which resulted in reduced water supply
(Millington, 2018). Water crises in South Africa is exacerbated in that, unpolluted water
resources are distributed unevenly and disproportionally available relative to demand (UNDP
et al., 2000; Blignaut & Heerden, 2009; UNEP, 2010; Carden, 2013).

Underutilised water resource such as stormwater could potentially be used as source on
non-potable water to meet water consumption demands in urban areas. Stormwater is
increasingly being utilized by cities around the world as an alternative water supply.
Stormwater harvesting (SWH) is the collection, storage, and use of runoff from urban surfaces
such as roads and drains that would otherwise drain to a water body (DECNSW, 2006;
O’Connor et al., 2007; NRMMC et al., 2009a; Akram et al., 2014). International experience
has shown that SWH is more economical than rainwater harvesting (RWH) on a broader scale
(e.g., Marsden Jacobs Associates, 2006). Villarreal and Dixon (2005) has shown a 10-year
study that reduces runoff volumes by 58% through combined rainwater/stormwater harvesting
system and annual water savings of approximately 2.43 ML.

Challenges with respect to resource shortages, environmental degradation and water
management are evident in a developing country such as South Africa (RSA) (Kok &
Collinson, 2006; Turton, 2008; DEA, 2010; UNEP, 2010; RSA, 2011a, 2011b; Fisher-Jeffes et
al., 2012; DWA, 2013). Fisher-Jeffes (2015) found that although there was significant climate
variation across South Africa, SWH had the potential to reduce the total residential potable
water demand of the Liesbeeck River Catchment in Cape Town by more than 20% only if
stormwater was stored for non-potable demands such as toilet flushing and irrigation which
can result in a significant saving for the City of Cape Town.
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2.4 Dynamic management of water resources with RTC

Water resources, agriculture, and the economy in Southern Africa is often extensively impacted
by periods of low rainfall and prolonged droughts. The region is vulnerable to extreme climate
events due to the variability of rainfall (Shongwe et al., 2009). The most severe impacts of
climate on the natural environment and human society over Southern Africa are due to extreme
climate events such as floods and drought, among others (Phakula et al., 2018). The severe
droughts of 2003/2004, 2002/2003 and 1991/1992 in South Africa (Cook et al., 2004), and the
water crises in Cape Town in 2018.

In various studies, it was determined that performance of SWH systems can be improved
through the application of RTC, a technique that offers the opportunity to actively manage
runoff volume and peak flows to mitigate flood risk. RTC is generally defined as using
collected data and monitoring the function of a system for optimal performance by controlling
certain aspects of the system (Schutze et al., 2004). Rohrer & Armitage (2017) showed that the
volumetric yield of stormwater ponds can be improved using RTC without significantly
impairing the flood mitigation provided by the system at a comparable cost to what the local
residents were already paying for potable water. This finding suggests that a cost-effective way
of stormwater harvesting can be achieved.

Extensive investigations around the RSA for implementation of alternative water
resources including, inter alia, desalination facilities, exploiting aquifers, raising dam walls
and new dams have been considered. However, only Rohrer & Armitage (2017) and Okedi
(2019) have considered the application of Real Time Control (RTC) to enhance stormwater
harvesting as a viable resource in the context of South Africa.

2.5 Approaches to storage sizing

Two approaches that are considered when sizing storages are viz. over-year storages that go
through the full-empty-refill-spill cycle over a long period, and within-year storages that go
through this cycle several times a year (Mitchell, et al., 2008). Locations where high levels of
supply security is required, and streamflow is highly variable such as for large urban water
supply dams is considered to be over-year storages. Over-year storages buffer against inter-
annual runoff variability. In comparison, within-year storages are required when there is low
variability of urban runoff or limitation of storage capacity due to space constraints. Storage
capacity requirements of urban stormwater storages that are within-year nature has the potential
of being influenced due to within-year inflow variability and inter-annual inflow volume.
Sequential methods such as behaviour analysis/operational study incorporate temporal pattern
of inflows (supply) and outflows (demand and losses) that best analyse within-year storages
(MacMahon & Adeloye, 2005).



2.6 Climate Forecasts applicable to South Africa

Production of temperature and rainfall forecasts in real time at different timescales, including
seasonal timescale are currently being applied at different institutions in South Africa,
including the South African Weather Service (SAWS). However, SAWS produced seasonal
forecasts that did not provide information with specific needs to users. In addition, there has
been an increasing demand from agriculture and other user communities (e.g. hydrologists) for
forecasts of the weather statistics within a season (intra-seasonal statistics) for assistance in
decision making (Tadross et al., 2005; Hudson et al., 2011).

The process of predicting future conditions is defined as forecasting. Information of
atmospheric variables (such as rainfall) expected over the next 3-5 days, often on a sub-hourly
or hourly basis are provided by weather forecasts. However, it is not possible to predict
individual day’s conditions in detail beyond that due to the nature of the climate system (Iseh
& Woma, 2013). Forecasts of the expected climate conditions for the next three to six months
and more are defined as seasonal climate forecasts, are typically expressed not through weather
conditions on individual days but as seasonal or monthly means of weather variables. As such,
seasonal climate forecasts occupy an intermediate zone between, and are different than, climate
projections and weather forecasting (Doblas-Reyes et al., 2013).

Climate predictability is the extent in which, if optimum procedures are used, an
informative prediction is possible. Weather and seasonal forecast differ in terms of sources of
predictability. The current state of the atmosphere (i.e., initial atmospheric conditions)
determines the weather forecast predictability. The influence of these current state of the
atmosphere does not vary long due to the extreme sensitivity to initial conditions (i.e., chaotic
nature) of the climate system. However, when the influence of the initial atmospheric
conditions still manifests, the weather forecast is only used for several days ahead. As seasonal
climate forecast spans well beyond the time of persistence of the intimal atmospheric
conditions (Brayshaw, 2018; Krishnamurthy, 2019), it can be concluded that which is
applicable for weather forecast may or not be applicable for seasonal climate forecast. Instead,
persistence of boundary conditions influences seasonal forecast. The slowly varying boundary
conditions such as sea ice, soil moisture and sea surface temperatures (SST) are the common
sources of inter-annual and seasonal timescales influence seasonal forecast (Li & Ding, 2015).

Uncertainty is lack of disagreement or information about what is known that results to a state
of incomplete knowledge. DeChant & Moradkhani (2014) defines uncertainty as an inevitable
yet unfortunate part of any forecasting system. Initial condition and model uncertainty can be
attributed as the two main causes of uncertainties within the context of seasonal climate
forecasting. Werndl (2017) regards model uncertainty as being more important than initial
condition uncertainty. To account for the initial condition uncertainty, seasonal climate
forecasts are based on an ensemble of model simulations (Figure 2-1) and their probabilistic
nature (Klopper & Landman, 2003). When viewing model uncertainty, a multi-model ensemble
is used to capture model uncertainty.
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Figure 2-1: Schematic of a probabilistic forecast using initial condition uncertainties
(Slingo & Palmer, 2011)

Apart from model uncertainty quantification, multi-model ensemble forecast provide a better
forecast through reduction of forecast errors (Tebaldi & Knutti, 2007). The intra-seasonal
forecasts are needed mainly due to the fact that; without medium-term information, seasonal
climate forecasts (statistical and dynamical) have limited benefits (Landman & Tennant, 2000).
Moreover, intra-seasonal forecasts may cover the timescale of about 10 — 60 days (i.e., bridging
the gap between weather and seasonal forecasting) (Hudson et al., 2011). Intra-seasonal
forecasts are of great importance for the agricultural and economic sector at large although they
are regarded as the most difficult to predict (Phakula et al., 2018). Accurate prediction of
weather statistics within a season may supplement existing seasonal forecast produced in real
time although the chaotic nature of the atmosphere makes it difficult for prediction of about 2
weeks to 2 months (Luo & Wood, 2006).

Quantitative precipitation forecasting (QPF) or rainfall forecasting can be obtained
through both short-term forecast (nowcasting), usually for a few hours and long-term forecast
(up to 7 days) (He et al., 2013). The real-time control of urban drainage systems can be
improved through the use of QPFs to prevent critical situations such as flooding, sewer
overflow and overflow of dams/ponds by extending forecast lead times. The most driving force
for a hydrological system is the utilization of QPF within a flood forecasting system, as the
capability of any flood forecasting system is ultimately determined by forecasted precipitation.

Traditionally, QPFs can be achieved by solving equations of a Numerical Weather Prediction
(NWP) or through extrapolation of future distribution from a sequence of radar images (i.e.,
radar-based rainfall forecasting). High-resolution spatially distributed data are provided by
weather radars. Hence, urban hydrological applications which require data with high temporal
and spatial resolution are suitable for radar-based rainfall estimates. Radar can capture very
well the initial precipitation as provided by the radar rainfall estimates since they based on the
assimilation of the initial precipitation state; which makes radar-based rainfall nowcast to have
a better skill for short lead time forecasting according to various studies (Smith & Austin, 2000;
Lin et al., 2005). However, increasing lead times rapidly decreases the accuracy of radar-based
rainfall nowcast, as radar nowcasting techniques do not model processes such as decay and
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growth of precipitation (Golding, 1998). At longer lead times, NWP produces higher accuracy
of QPFs, which solves the physics and dynamics of the atmosphere (He et al., 2013).
Qualitative-quantitative rainfall forecasting tools at 72, 48 and 24 h can be validated by viewing
by various NWP model studies (Chuang & Sousounis, 2000; Palmer et al., 2000; Untch et al.,
2006). Lin et al. (2005) proposes that, after a threshold time (e.g. 6 h for a continental case),
the weather model has an approximately constant skill that will excel the radar nowcasting.
This time threshold can be reduced to less than 3 h for a local area with much smaller domain
size (Xuan et al., 2004). Radar nowcast performs best for very short lead time of precipitation
(0-3 h), whereas forecasts based on numerical models is better for longer lead times as they
could provide signal of heavy rainfalls (He et al., 2013).

Forecast verification is the assessment of the degree of similarity between that forecast
and the observed conditions to determine the quality of a forecast (Mandal et al., 2007).
Verification of forecast is mostly performed if the results between the observations and the
forecasts provide a strong relationship and an accurate indication of how bad or good
subsequent forecast will be (Mason, 2008).

The U.S National Weather Service (NWS) runs a Global Forecast System (GFS) which
is a global numerical weather prediction system containing a global variational analysis and
computer model. The GFS produces forecast up to 16 days in advance and is run four times a
day. The FV3 model with a resolution of approximately 13 km is used by the forecast
component. The model is divided into 127 layers in the vertical. Forecast output every hour for
the first 120 hours, then 3 hours for days 5 to 16 can be produced by the GFS. The model is
regularly adjusted, and constantly evolving for performance improvement and accuracy of
forecasts. A base horizontal resolution of 28 km is associated with the model; and between grid
points for forecasts between one week to two weeks, horizontal resolution drops to 70 km.

In a study by Okedi (2019), rainfall forecast data was obtained from the GFS model
managed by the National Centre for Environmental Prediction (NCEP) which was used for
simulation of RTC for SWH in the Zeekoe Catchment of Cape Town, South Africa. The results
of the study showed that a capacity of 1 Mm? (about 5.5% of the mean annual stormwater
volume) can be provided through the application of RTC on the stormwater ponds in the
Zeekoe Catchment. It was also concluded that the capacity (1 Mm?®) was inadequate as the
supplied stormwater from the storage with a spill (water lost as overflow) of 35 — 51%, would
only meet 44 — 60% of the demands.

The application of seasonal forecasts in South Africa have evolved from a simple
statistical model to forecasts based on statistical downscaling and the Atmosphere-only general
circulation models (AGCMs), fully coupled general circulation models (GCMSs) and integrated
within multi-model (Landman, 2014). The SAWS Coupled Model (SCM), which is the first of
its kind in both South Africa and the region; is a fully interactive coupled modelling system
that is currently operated by SAWS which is the country’s official meteorological service
(SAWS, 2018). A multi-tiered forecast system consisting of a dynamic modelling process,
combined with a consensus discussion and a statistical approach is used each month by the
SAWS scientists to produce a 3-month temperature and rainfall outlook (Landman et al., 2001,
Johnston et al., 2004).
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Until a few years ago, two additional institutions, apart from SAWS, produced and
generated numerical seasonal climate forecasts which were then made available every month
online. These were at the Climate System Analysis Group (CSAG) of University of Cape Town
and at the Council for Scientific and Industrial Research (CSIR). The CSIR initiative has been
merged with that of SAWS due to a number of human resources and institutional reasons,
whilst the CSAG’s forecast has since been discontinued in 2016 due to ethical concerns around
the consequences of its poor skill and concerns around the poor quality of forecast for water
management, agricultural and other contexts in decision making.

In a study by Fisher-Jeffes (2015), six (three private citizens, two SAWS and one DWS)
ten-year daily rainfall data were used for SWH modelling. The results of the study showed that
potable water demand in the Liesbeek River Catchment, Cape Town, South Africa can be
reduced by up to 20% through SWH. In addition, Rohrer & Armitage (2017) have shown that
the volumetric yield of stormwater ponds can be improved using RTC without significantly
impairing the flood mitigation provided by the system at a comparable cost to what the local
residents were already paying for potable water. This finding suggests that a cost-effective way
of stormwater harvesting can be achieved.

South Africa is becoming more established in terms of the use of seasonal climate
forecast for climate information. These seasonal climate forecasts have potential uses in the
water management sector (Klopper et al., 2006; Winsemius et al., 2014) and in the agricultural
sector (crop type, irrigation and planning planting dates). For instance, Kgakati & Rautenbach
(2014) focused at dissemination of early warnings to reduce risks faced by farmers by
examining the use of seasonal climate forecast information in the agricultural sector in South
Africa. The study assessed the channels through which information of seasonal climate forecast
is disseminated to the end-users. The results showed that through improved structures and
channels that are timely and reliable, seasonal climate forecast information can serve as an
early warning which can helpful for farmers. However, due to lack of forecast skill,
communication and inability to see the relevance of seasonal climate forecast for specific
farming reasons; the integration of seasonal climate forecast information by smallholder
farmers into their farm planning has been poor (Chisadza et al., 2020).

Amongst other studies in South Africa on seasonal climate forecasts, is the use of seasonal
climate forecasts as an early warning system for malaria in the health sector (Kim et al., 2019).
The study assessed a malaria early warning system in conjunction with an effective malaria
prediction model by using high-quality climate forecasts and well organised malaria
surveillance. Weekly time series data including precipitation, temperature and malaria cases
from 1998-2015 in Vhembe, Limpopo, South Africa was used to develop the weather-based
malaria prediction model. In addition, weather-based malaria was also applied to seasonal
climate forecast. The results showed that the weather-based malaria prediction model
developed could be applicable in practice together with existing malaria surveillance data and
skilful seasonal climate forecasts.
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2.7 Models for rainfall-runoff

2.7.1 SWMM and PCSWMM application

Storm Water Management Model (SWMM) was developed by the United States
Environmental Protection Agency (US EPA) in 1971 and has been widely accepted as the tool
of choice to model the hydrological processes in a catchment (Akhter & Hewa, 2016). SWMM
has been upgraded over the years and widely used across the globe to model continuous
quantity and quality aspects in rural and urban catchments or dynamic rainfall runoff for a
single event (James et al., 2010). SWMM is used to plan, design, analyse and simulate
processes related to sanitary sewers, combined sewers, storm water quality and other drainage
systems in urban areas, and rural catchments (Rossman, 2010). SWMM is a catchment scale
model and edits input data of a given study area through the provision of an integrated
environment which results in various formats that can be viewed (Sun et al., 2014). The use of
SWMM is evident in several studies (Lee, 2008; Sun et al, 2014; Wella-Hewage, 2013; Abdul-
Aziz & Al-Amin, 2015; Yu et al., 2014).

SWMM has a wide range of applications and numerous advantages but limited in
capacity to account for any spatial interference (Akhter & Hewa, 2016). Hence, PCSWMM
which is a commercially available advanced model was developed in 1984 with a Geographic
Information System (GIS) linkage to comprehensively provide a range of applications (CHlI,
2015). PCSWMM is comprised of GIS and US EPA SWMM which provided a complete and
scalable package for 1D and 2D analysis of rainfall runoff processes. PCSWMM has real-time
control analysis, comprehensive river modelling, time series management, native GIS support,
Digital Elevation Model (DEM) support, automated reporting and Google Earth visualization
for water quality, hydraulic and hydrology modelling (Akhter & Hewa, 2016).

PCSWMM has also been used widely across the globe, for example in Mponga
catchment located south of the Australian capital, Adelaide. The Mponga catchment covers an
area of 122 km? and drains into a flow gauge station which is managed by the Department of
Environment, Water and National Resources (DEWNR) (Akhter & Hewa, 2016). The
sedimentary aquifers in the Mponga catchment consists of Permian sands, Quaternary
sediments and Tertiary limestone (Barnett & Rix, 2006). The soil type that are dominant in the
catchment sand and loamy sand. The major land use in the Mponga catchment is used for broad
scale cattle and sheep grazing. It was reported that 75% of the catchment was used for livestock
(cattle and sheep grazing) in 2002 but this reduced to 69% in 2014 due to increase in residential
use from 4% to 24% during the same period (Wella-Hewage, 2013). The 69% of the catchment
land use which accounts for grazing includes silage, modified pasture and cropping. The 24%
of the catchment was used for commercial and residential activities. Groundwater was pumped
for irrigation purposes in the catchment during the summer season (Barnett & Rix, 2006).

The study utilized PCSWMM which conceptualized the rainfall runoff process using
water flow and material between its environmental sectors. All the process was assigned into
four compartments namely: land surface compartment, atmospheric compartment, ground
water compartment and transport compartment. Evaporation and rainfall data were required for
the atmospheric compartment. The study utilized evaporation data for one station and rainfall
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data for five selected stations were obtained from Bureau of Meteorology (BOM) (BOM,
2015). The Thiessen Polygon method was used to compute the catchment weighted average
rainfall for the Mponga catchment (Akhter & Hewa, 2016). The Thiessen polygon method
states that the mean rainfall calculation is computed by accounting for the area of influence of
every observation point when the observation points within the area are not evenly distributed
(Nganro et al., 2020). It is assumed that the rain on an area within the watershed is the same as
that at a nearest station so that the area is represented by the recorded rain at that station
(Triatmodjo, 2013; Yekti & Permana, 2007; Kawet & Halim, 2013).

2.7.2 Music application

MUSIC is a stormwater model with a unified approach to simulate both water quality and
hydrology of a watershed. It is comprised of a range of stormwater control measures (SCMs)
such as bioretention basins, sediment basins, vegetated swales, ponds and constructed wetlands
(Wong et al., 2006). The simulated watershed in MUSIC is represented as a series of source,
receiving nodes, junction, receiving nodes and treatment connected by drainage links (Gagrani
etal., 2013).

Chiew et al. (1996) developed the SimHyd model which was used to run the rainfall-
runoff algorithm of MUSIC for a study. In SimHyd model, initial abstraction must first be met
for rainfall on impervious areas to generate runoff (Gagrani et al., 2013). Runoff occurs when
rainfall exceeds the infiltration capacity of the Land. Pervious area runoff was modelled as the
infiltration exceeds runoff. Evapotranspiration was subtracted from the soil moisture store
depending on the areal potential evapotranspiration rate and the amount of water in the soil
store. The linear recession of the groundwater storage was modelled based on the base flow.
Soil type and characteristics were used to compute the pervious area model such as
groundwater depth, infiltration capacity coefficient and exponent, field capacity, soil storage,
recharge and discharge rates using MUSIC based on methods described in Macleod (2008).
The study used 6-min interval rainfall and runoff data compiled for the duration from May
2007 to June 2009 (Gagrani et al., 2013). Four U.S Geological Survey (USGS) rain gauges
stations were used to compute the average precipitation of the sub-catchment using the
Thiessen method.

The Music model was used on the Beaverdam Creek (BDC) watershed located in the
southwest Mecklenburg County, North Carolina. The watershed has a total drainage area of
11.8 km? and lies in the humid subtropical climate zone in the Koppen climatic classification
(Gagrani et al., 2013). it drains into a water supply reservoir (Lake Wylie) which was classified
as a eutrophic lake due to excessive nutrient loading from agricultural and urban land uses in
its watershed (NCDENR, 2003; Buetow, 2008). The study focused on a 1.92 km? sub
watershed which was characterized by steep-walled valleys produced by incised stream
channels with broad floodplains toward the outlet of the watershed (Gagrani et al., 2013). The
watershed was underlain with norite gabbronorite, horneblende gabbro and gabbro granodiorite
rocks of plagioclase, quartz minerals, olivine and biotite (Goldsmith et al., 1988). The lithology
of the watershed comprised of acidic to strongly acidic soils including the Cecil sandy clay
loam and Mecklenburg fine sandy loam (USDA-NRCS, 2010). It was reported that since 2003,
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the land use for the sub watershed was defined as 21% forest and pasture, 3.5% commercial,
51% high-density development, 16% low-density development, and 8% roads and highway
due to the redevelopment of the subwatershed (Allan et al., 2010).

2.7.3 WEAP application

The Water Evaluation and Planning (WEAP) model was applied on the Oueme catchment that
covers an area of 50 000 km? and is the major river system in Benin. The catchment is
characterized by bimodal precipitation distribution in the southern part and is located in the
Sudanian climate zone. Vollmert et al. (2003) reported that the annual rainfall in Benin was
predominately below average since the 1970s which made the country vulnerable to water
shortages. The continuous trend in declining precipitation in Benin allows opportunities to
access deep groundwater to meet water demand during the year (Hollermann et al., 2010).
Several studies have concluded that access is limited due to occurrence of groundwater in
preferential fractures of the crystalline aquifers in the area (Chilton & Foster, 1993; Fal3, 2004;
Barthel et al., 2008, 2009). Furthermore, it is expensive to tap into those groundwater reservoirs
and bears the risk of tapping into dry holes (Hollermann et al., 2010). The dominance of small
livestock in the southern part of Oueme catchment puts further stress on the available water
resources (Gruber, 2008; Gruber et al., 2009).

The study utilized the WEAP model to link supply and demand site requirements
(Hollermann et al., 2010). The model allows scenario analysis, changes in supply and demand
structures that can be simulated to discover the effects of various management strategies and
potential shortages (Yates et al., 2005). The study aimed to close the gap between catchment
hydrology and water management by addressing both socio-economic factors influencing the
level of industrial, agricultural and domestic demand, and bio-physical factors affecting the
river (Hollermann et al., 2010). WEAP allows various methods to project the hydrology of the
study. The hydrological processes can be either computed internally through the consideration
of driving forces such as evapotranspiration and precipitation (Yates et al., 2005). The
differences in land and climate vary significantly within the Oueme river basin and this
required subdividing the catchments into smaller sub-basins (Hollermann et al., 2010).

The UHP-HRU model was used derive the input data for groundwater recharge, runoff
and river discharge which was an input into WEAP (Giertz & Diekkriger, 2006). The UHP-
HRU is a spatially differentiated version of the UHP model which simulates groundwater
discharge, interflow, runoff, infiltration and evapotranspiration and was developed especially
for application in Benin (Bormann & Diekkrtiger, 2004). The model can adequately simulate
hydrological processes under climate at local and regional scales (Giertz & Diekkriiger, 2006).
Furthermore, the model can simulate hydrological processes under land use changes (Giertz et
al., 2006, 20104, b; Christoph et al., 2008). The alluvial aquifers are only considered for the
integrated groundwater model of the WEAP (Yates et al., 2005). Consequently, the application
of this method for the groundwater aquifers is limited to the study area as it consists mainly of
fractured crystalline basement (EI Fahem, 2008; Fab, 2004; Chilton & Foster, 1993; Barthel et
al., 2008, 2009). Groundwater was accounted for in the analysis since it presents a vital source
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in satisfying the water demands in Benin (Hollermann et al., 2010). Hence, the study applied
a simple storage approach to model groundwater which contrasted with other regional studies
(Lévite et al., 2003; SEI, 2006). Furthermore, reservoirs were considered as they provide an
alternative to source surface water to meet water demands, and only the largest reservoirs in
the study area were considered (Hollermann et al., 2010).

2.7.4 PySWMM

The U.S. EPA SWMM has limited access to some simulated results in the model during
simulation time. To address this challenge, several libraries have been developed over the last
decade to read, parse, and run SWMM models (*.inp). Several programming languages
including, inter alia Visual Basic, MATLAB, R and Python are used in the development of the
library tools. Many libraries beyond simple SWMM interface include a collection of specific
features for different applications. Some studies have shifted towards water quality modelling
within their framework (Banik, 2014) whilst others have focused on model calibration
(Leutnant et al., 2019) and optimization framework (Marco et al., 2019; Martinez-Solano et
al., 2016; Pathirana, 2014). Riafio-Bricefio et al. (2016) support modelling of real-time controls
through extended functionality. Most of these developments generate a new *.inp (SWMM
input) file through the use of a wrapper interface — which duplicates the data model, adding
redundancy (McDonnell et al., 2020). During a simulation without having to read and write
new *.inp files, the engineering and scientific communities significantly benefit from directly
accessing the SWMM data model from a maintainability standpoint.

In support of the Open Water Analytics (OWA) open-source initiative, the ongoing
development of the Open Water Analytics SWMMD5 application programming interface (API)
is used for parallelization with the PySWMM project. This initiative enables the development
of Python interfacing wrapper to SWMM. PySWMM (along with the co-development of the
SWMM5-API) is also being developed to enable rapid prototyping to access SWMM data and
interact with the mode during simulation time. PySWMM retains backward compatibility and
ultimately serves to augment what SWMM can do since it incorporates enhancements to the
SWMM code base. Current mid-simulation capabilities include the ability to manipulate Low
Impact Development (LID) parameters, load externally generated inflows and change
hydraulic network settings. There is accessibility both during and after simulation time of LID
statistics, sub catchment, link, node and results. PySWMM provides to the SWMM data model
(setters and getters), which facilitates editing of hydrologic and network parameters through a
single framework which encompasses a collection of low-level interfacing functions. This
functionality allows engineers and researchers to more effectively address engineering and
scientific questions related to water runoff quality and quantity through streamlining
stormwater model optimization, controls, and result post-processing.

PySWMM is actively being used to address a range of topics in government, academia
and industry such as asset optimization and real-time controls in industry. In academia, it has
been used for studying the effects of model predictive control (MPC) and Real-Time Controls
(RTC) of drainage systems (Li et al., 2019; Sadler et al., 2019). PySWMM is being used to
model the precipitation driven transport of pollutants and contaminants in the EPA’s Office of
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Research and Development for urban environments (Ratliff et al., 2018). Applications of EPA
SWMM has been used widely for research applications (Niazi et al., 2017). Furthermore, it is
accepted by the Federal Emergency Management Agency for National Flood Insurance
Program purposes, and it is also being used for development of discharge permits (McDonnell
et al., 2020). PySWMM enhances the capabilities and facilitates ease of use of EPA SWMM
for these regulatory, engineering and research applications.

2.7.5 Csoft

All commercial hydraulic and hydrological software packages, such as MOUSE, HYSTEM-
EXTRAN, INFOWORKS, XP-SWMM and SWMM 5.0, simulate extended or local reactive
control with various levels of sophistication which allow the assessment of potential for Real-
Time Control by incorporating some level dynamic flow regulation devices in their modelling
packages (Colas et al., 2004). The Csoft software can serve as a Decision Support System
(DDS) and simulate global optimal Real-Time Control to operate such a strategy online
(Grondin et al., 2003).

Csoft was specifically developed by BPR CSO as a model-based decision support system
to design and operate Real-Time Control systems (Grondin et al., 2003). Ranging from local
reactive control to predictive global optimal control (GO RTC) (As discussed in section 2.7),
a full range of real-time strategies can be simulated with all expert systems, intermediate stages
of extended control, etc (Colas et al., 2004).

Two main components define the Csoft software. Firstly, optimal flow set points for all
local control stations (controlled locally or system-wide) is determined by a model-based
simulation and optimization module. The model uses inputs such as flows and water levels
monitored in the sewers, rain distribution and rain depth using rainfall evaluation and/or rain
gauge readings and forecasts from weather radar information, and status of flow regulators
such as storage facilities, Water Pollution Control Plant (WPCP) capacity, fabric dams, gates,
pumps, etc; for feedback adjustments. Secondly, a relational database providing multiple
functions to handle extensive reporting/graphing capabilities, calculations, data validation, data
organization, data storage and retrieval, and real-time data transfers. Parameters are defined
both locally and globally in Csoft, in a manner that more sensitive areas may be protected better
compared to less sensitive areas.

2.8 Stormwater harvesting efficiency assessment

A stormwater harvesting system can be evaluated using performance indicators under a range
of different conditions. The performance of a water storage infrastructure has been assessed by
several different performance indicators that have been developed over the past two decades.
A comparative analysis of these performance indicators and their detailed appropriateness of
application are provided by McMahon et al. (2006). The following performance indicators viz:
volumetric reliability, time-based reliability, resilience, and overflow ratio are the most useful
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according to McMahon et al. (2006) and Mitchell et al. (2008) for the evaluation of a
stormwater harvesting system’s effectiveness:

Volumetric reliability (Rv) or water savings efficiency is defined as the supplied volume
of water divided by the total water demand during the period of simulation (Mitchell et
al., 2008). Water savings provided by the system can be measured using this performance
indicator (Fewkes & Butler, 2000; Palla et al., 2011).

’11;=1 Yt
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Where: Ry = volumetric reliability; Y = yield (m®); D = water demand (m®); T = total
number of time-steps in the simulation period; t = time-step.

Time-based reliability (Rt) reflects the proportion of simulation time-step interval in
which the water demand is fully met during the entire period of simulation (McMahon et
al., 2006).

R, = —
L

Where: Rt = time-based reliability; N = number of time-steps in which the target water
demand was fully met; T = total number of time-steps in the simulation period.

Resilience (¢) determines the ability of a storage unit to recover quicker from a period in
which it was in failure (Hashimoto et al., 1982; McMahon et al., 2006). The result is
sensitive to the chosen simulation time-step since resilience is a temporal measurement
(McMahon et al., 2006; Mitchell et al., 2008).
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Where: ¢ = resilience; fs = number of continuous periods when the target water demand
is not fully met; fq = the total duration in which the target water demand is not fully met.

Overflow ratio (Or) is defined as the ratio of the storage unit that spills water in terms of
volume to the volume of water entering the storage unit during the period of simulation
(Palla et al., 2011).
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Where: Ot = overflow ratio; S; = volume of water spilled by the storage unit (m®); Iy =
volume of water entering the storage unit (m®); T = total number of time-steps in the
period; t = time-steps.
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When analysing stormwater harvesting systems, it was determined that volumetric reliability
is the most applied performance indicator in industry compared to the other performance
indicators listed above (Mitchell et al., 2008; Palla et al., 2011). Results of resilience and time-
based reliability can vary significantly based on the time-step used during computation as they
are both temporal performance indicators. In addition, the length of data records dictates the
accuracy of resilience and time-based reliability estimates (McMahon et al., 2006). When
analysing performance indicators, Mitchell et al. (2008) recommends a ten-year climate time
series to be the minimum length that should be used. Increasing the length of a time series will
result in a convergence of temporal performance indicators towards a steady state (McMahon
et al., 2006).

2.9 Control of urban drainage system in general
2.9.1 Passive control and RTC

Control of urban drainage systems can be accomplished via RTC or passive approaches (Lund
et al., 2018). In the passive approach, control of diversion elements including valves, gates and
weirs is achieved by fixing each of the elements to a certain static setting. This setting can be
adjusted to a better setting although considered permanent if, for example, there is a
performance of an offline model-based optimization by the system (Vitasovic, 2006). In RTC,
control of actuators such as pumps and movable diversion elements is done through conversion
of real-time measurements from the system into operational decisions by algorithms and rules
of varying complexity (Lund et al., 2018). This requires a combination of installing controllers
and sensors in the system with the implementation of a telemetry system and a supervisory
control and data acquisition (SCADA) system (Campisano et al., 2013; Cembrano et al., 2004;
Puig et al., 2009).

RTC consists of control loops based on the difference between the controlled variable
and set-point value. A controller changes the manipulated variable of an actuator with either
discrete or continuous settings (Campisano et al., 2013; Schutze et al., 2003, 2004). The
actuator site can be used to a place the sensor (Lund et al., 2018). Various control terms are
described in Table 2-1.
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Table 2-1: RTC terms (after Lund et al., 2018)

Terms Description

Sensors Monitor system stats, such as flow, water level, water quality.

Set-points The desired state values for a certain place in the sewer system, such as a
downstream pipe flow.

Controlled variables The variables that should obtain a certain set-point.

Actuators Controllable devices, such as pumps, gates, weirs, and valves.

Manipulated variables The variables that can be changed actively in the control, such as a pump rate.

Controllers Devices such as the programmable logic controller (PLC) and remote terminal

unit (RTU) that adjust the actuators based on sensor values. These are the
hardware on which different “software” controllers/algorithms can be
implemented.

PID controller A common controller for varying the settings of the actuator continuously is
the proportional-integral-derivative (PID) controller

Two-point controller A common controller for discrete settings is the two-point (on/off) controller
that has only the option of being “on” or “off” (for example, for a pump) or
“open” or “closed” (for example, for a gate).

There are various ways of performing control and categorization of control methods. In Table
2-2, various methods are presented that focus on timing input, RTC strategies, system-wise
function, physical extension, degree of automation, and degree of control. RTC can generally
be split into optimization-based and heuristic control (Garcia et al., 2015). The resulting control
through heuristic approaches seems rational but it can be difficult to achieve an optimal
solution (Cen & Xi, 2009; Garcia et al., 2015; Marinaki & Papageorgiou, 1999; Mollerup et
al., 2013; Papageorgiou, 1983, 1988). Passive control results in difficulty to achieve optimal
solution due to the dynamic loading of the system; evidence of this usually occurs during time-
wise, and spatially unevenly distributed rainfall (Garcia et al., 2015; Lowe et al., 2016;
Marinaki & Papageorgiou, 1998, 1999, 2001).
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Table 2-2: Categorization of control methods (after Lund et al., 2018)

Category

Control method

Description

Degree of control

Passive control

Diversion elements are fixed to a static setting
The settings of actuators are changed dynamically based on

Real-time control | real-time measurements from the system.
(RTC)
Degree of | Manual An operator adjusts the actuators in the system.
automation

Supervisory

Actuators are adjusted automatically but the set-points or the
direct settings of the actuator are specified/approved by an
operator/supervisory system.

The entire system is operated automatically.

Automatic
Physical extension Local The control is performed independently for each actuator
based on measurements from the immediate surrounding.
The control is based on observations throughout the system
Global and all actuators are regulated at once from a global

perspective.

System-wise
extension

System-wide control

Integrated
wide) control

(system-

Plant-wide control

Global control only considering the urban drainage system.

Global control considering several subsystems alongside the
urban drainage system; for example, wastewater treatment
plants and receiving water bodies.

Control only considering the wastewater treatment plant.

RTC strategies

Heuristic control

Optimization-based
control

The control is based on experience, which includes fuzzy-
logic control, static rules optimized offline (rule-based
control), or system that are controlled manually by an
operator.

The control is modelled as a dynamic optimization problem,

which includes linear-quadratic regulators, evolutionary
strategies, MPC and population dynamics-based control.

Timing of input

Reactive control

Predictive control

The control is determined only based on measurements.

The control is determined based on predictions of the future
system state.

Urban drainage systems are most often controlled by rule-based (local) control, passive control,
or manually by an operator (Lund et al., 2018). However, RTC can achieve a better control
(Cen & Xi, 2009; Giraldo et al., 2010; Leirens et al., 2010; Lowe et al., 2016; Marinaki &
Papageorgiou, 1998, 1999; Ocampo-Martinez & Puig, 2009a; Ocampo-Martinez et al., 2008;
Papageorgiou, 1983, 1988; Pleau et al., 1996, 2005; Rauch & Harremoes, 1996, 1999). Hence,
it is likely that many places around the word currently implement suboptimal control (Lund et

al., 2018).
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2.9.2 Operational goals for RTC

There are various reasons for control implementation and different metrics that can be used to
quantify the resulting operational goals. Advanced RTC will often be performed in a system-
wide urban drainage context to minimize one or more of the following:

o Combined sewer overflow (CSO) to the environment (measured in pollutant loads,
water volumes, resulting oxygen concentration in recipient, risk, or damage cost)

o Urban landscape flooding (measured in pollutants loads, water volumes, risk, or
damage cost)

o Operational cost or energy consumption (measured in energy cost or usage)

o Tear and wear of actuators for lifespan growth (measured in cost, usage, or settings
variation)

In addition, limitation of water volume loss from rainfall and optimization of storage for
stormwater harvesting (SWH) system can also be considered as potential operational goals.

2.9.2 Impediments to the implementation of RTC

Urban drainage systems have been implemented with RTC for more than 40 years, but there
has been limitation in developing more sophisticated methods due to unreliable communication
system, actuators and sensors, together with insufficient computational power. Implementation
of more efficient control strategies such as model predictive control (MPC) can possibly
overcome the above-mentioned limitations to certain degree. MPC is an adaptive control
strategy for combined sewer systems where optimal control is recomputed recursively as new
information about the sewer system state and new forecasts of rainfall become available (see
Section 2.14). Additionally, automated operation of urban drainage system has attained
increased interest (Meseguer & Quevedo, 2017). This originates from a stronger organization
utility due to improved rainfall forecasts and corporatization of the water sector using
numerical weather prediction (NWP) and weather radar models (Lund et al., 2018). Despite
this, urban drainage systems that implement MPC as a control strategy, are limited to a few
examples of real-life concepts and operations that are ready for application (see Fiorelli et al.,
2013; Pleau et al., 2005; Vezzaro & Grum, 2014). This indicates that challenges that limit both
further development and implementation of MPC techniques are still evident (Lund et al.,
2018). These challenges include organizational issues such as lack of proper choice of control
equipment; coorperation between operation and planning departments (Campisano et al., 2013)
or lack of trust from operators (Vitasovic, 2006); adaptation to the limited computational
uncertainty and power to facilitate an optimal solution through rigorously formulating the
control problem mathematically (Dong et al., 2017); and linguistic uncertainties, which results
in difficulty to exchange experiences and knowledge across research disciplines, institutes and
industries (Lund et al., 2018).
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2.10 Real Time Control Strategy
2.10.1 The General Strategy

The real time control strategy which is sometimes called global control is a system wide
approach (Grum et al., 2011). RTC system allows to achieve several operational objectives in
an urban drainage system: cost reduction, management of flows during a system disturbance
(safety incidents, equipment failures, or work deviations), management of discharge peaks to
the wastewater treatment plant (WWTP), flood prevention, and minimization of overflow
volumes and frequencies (Bevilacqua et al., 2018).

RTC in urban drainage system is an efficient approach to reduce the impact on the natural
water environment and improve performance (Rauch et al., 2002). In recent years, the spread
of RTC systems’ implementation has largely been due to technological innovations and
theoretical studies (drainage system + RTC modelling) (Maiolo et al., 2020). Equipment and
Methodologies are well adaptable and available for different urban drainage system uses
(Vezzaro & Grum, 2014). Recent developments in radar now-casting has widened the
applicability of these devices (Thorndahl, 2009); moreover, available computational capacity
and online measurements have improved these tool’s potential application field (Maiolo et al.,
2020).

An RTC system dynamically regulates the drainage system to improve the system’s
overall performance by implementing a feedback loop based on online measurement to achieve
specific objectives. Operational algorithms and strategies regulate the system operations
according to the dynamic network and current state conditions detected in “real-time”
(Campisano et al., 2013). An RTC system equipped with specific devices (actuators,
controllers, sensors), can coordinate multiple functionalities such as (i) determining the
physical actions on the final control actuators (ii) defining the settings of the control structures
to achieve the wanted state (iii) comparing the current state against the wanted one and, (iv)
monitoring the current state of the network (Maiolo et al., 2020). Thus, all the equipment allows
the system’s dynamic management according to the system’s critical event and current
conditions (Schilling et al., 1994).

2.10.2 The Radar Based Flow Forecast

Continuous radar-based flow forecasts can be established through the use of a well-tested
approach that involves flow forecasting using the rainfall-runoff model with the forecasted
radar data, dynamic calibration of simple rainfall-runoff models, radar forecasting and dynamic
calibration of radar data against rain gauge measurements (Grum et al., 2011). The main
principles of this approach have been described in Thorndahl et al. (2009), and are illustrated
as shown in Figure 2-2.
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Figure 2-2: Illustration of the basic approach used to establish radar-based flow
forecasts (Thorndahl et al., 2009).

The use of radar rainfall prediction introduces another element of reliability (Colas et al.,
2004). The radar rainfall images provide rainfall evaluations over the entire area as if there was
approximately one rain gauge per square kilometre of per square mile. Rainfall measurements
obtained from all the rain gauges are used to globally calibrate the radar image. The use of
radar rainfall images is more reliable due to the fact that the rainfall field is not always covered
well by rain gauges, and because radar can still perform when one or two rain gauges fail. With
regards to rainfall prediction, another reliability factor is that when Csoft computes interception
set points, Csoft accounts for future rainfalls. Csoft improves reliability by making good use
of radar rainfall predictions. The use of any of these features is naturally a matter of costs vs
benefits. Nevertheless, there are minimal requirements that must be included for risk reduction,
such as safety, reliability, adaptability and flexibility to consistently provide acceptable
outcomes.

2.10.3 The Expected Cost

The core of the real time control strategy is the expected cost because the formulation of the
expected cost ultimately dictates how the system will be operated (Grum et al., 2011). The
expected cost can incorporate a wide variety of considerations such as the risk of endured
environmental taxes, risk of sludge loss at the treatment plant, risk of lost bathing water,
pumping costs, and risk of overflow and flooding.

In Grum et al. (2011), the expected cost for a section in an urban drainage system was
defined as the product of cost of any given amount of overflow times and probability of
occurrence. The endured cost was determined to be proportional to the volume of discharge for
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a given amount of overflow discharge. Hence, the integration of the product of the cost of a
given overflow volume (for a given runoff amount) and the probability of occurrence of that
runoff amount expresses the expected cost for a section, and this is illustrated in Figure 2-3.
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Figure 2-3: The expected cost or RTC (Grum et al., 2011)

2.10.4 Optimization Routine

Flows that minimize the expected cost as defined above was estimated using a genetic
algorithm. The optimization problem is a classical non-linear programming problem with
discontinuities with respect to the parameter (the estimated flows) in the objective function.
Hence, failure to find optimal parameter set by the faster gradient-based methods often occur.
Similarly, non-optimum flat points that real time control problems often encompass fool
wandering methods such as downhill simplex. Additionally, a simple way of introducing
constrains involving several parameters (flows) can be implemented using a genetic algorithm.

2.10.5 Connection to Local Control Units

It is essential to understand the main responsibilities of the overall and local controls in
establishing the connection between the system wide dynamic risk based real time control
strategy and the local control units at pumping stations or gates respectively. The local controls
are typically responsible for keeping water levels combined sewer overflow weir levels and
avoiding flooding whereas overall control is primarily responsible for optimizing storage
utilization.
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2.11 Level of Control

Any RTC system can be placed into one of three general classifications depending on its
complexity according to several studies (e.g. Colas et al., 2004; US EPA, 2006; Vallabhaneni
& Speer, 2011; Garcia et al., 2015; Beeneken et al., 2013). Described in order of ascending
complexity, these classifications are as follows:

Local control — the simplest method of RTC is local control. If the adjustments made
to the system are dependent solely on measurements taken at the same location at which
the adjustments are made, then an RTC system is defined to be under local control. The
use of automatic actuators or manual adjustments are used to make these adjustments
(Colas et al., 2004; US EPA, 2006). Further, conventional Rule-based Controls (RBC)
are typically used for the decision support system behind these adjustments in locally
controlled RTC systems. RBC incorporate ‘if-then’ rules (i.e. do this if this has
happened) and are generally straightforward (See section 2.12). Furthermore, RBC
strategies incorporate control rules that are developed prior to implementation of the
RTC system and are typically a function of measurement (Garcia et al., 2015). Since
local control RTC systems are simple to understand and operate, they are often
favoured, yet their adjustments are limited to on-site conditions, essentially
disregarding the conditions throughout the entire system. Conservative RBCs can result
due to this limitation (US EPA, 2004; Garcia et al., 2015).

Regional control — the independency of management of storage facilities make the
regional control management approach similar to the local control (Gaboritetal., 2013).
The difference is the remote regulation, meaning that, adjustments to the system are
remote to a location at which the adjustments are made which are based on
measurements taken from the location or several locations (Colas et al., 2004; US EPA,
2004). Hence, a regional RTC control would not be suitable for a manually operated
system with site-specific opening and closing of valves (US EPA, 2004). A remotely
controlled regional communication such as Supervisory Control and Data Acquisition
(SCADA) program located on a central server system are typically required for a
regional RTC control system (Colas et al., 2004; US EPA, 2006). Furthermore, unlike
local control, regional control RTC systems can function under either optimization-
based algorithms or pre-defined RBCs. Optimization-based algorithms seek to reach a
desired state of a system through manipulation in real-time (Garcia et al., 2015). Either
of these methods can be applied under the supervision of a system operator or
automatically. Similar to local control, regional control RTC systems is limited as it
only considers the conditions in the system where control logic is based rather than
considering the conditions throughout the entire system (US EPA, 2006).

Global control — global control RTC systems are incorporated to provide optimal
operational efficiency, and are the most complex method of RTC (Colas et al., 2004).
Data is centralised for global control RTC systems, so any measurement device that is
part of the system can be used to make adjustments to the network at any point at which
there is an actuator based on the data provided. The decision support system that either
incorporate predictive forecasting, optimization-based algorithms, RBC or a
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combination of the aforementioned decision support system is used to make these
adjustments (Colas et al., 2004; US EPA, 2006). For clarity, predictive forecasting is a
method that uses forecasted rainfall to estimate future flows in the network and then
adjusts the system accordingly (ibid.). The global control RTC system, although the
most complex demands the most understanding as it offers the greatest functionality. It
requires supervisory control by an operator who has a good understanding of the system
dynamics — as well rigorous network analysis and planning before it implemented (US
EPA, 2004).

Utmost consideration must be given to what system complexity is appropriate when developing
an RTC system. The US EPA stresses that implementation of an RTC system with a complexity
level that the developers are capable of understanding and operating results to success. The
success of RTC systems is more often hindered due to organisational or operational procedures
rather than constrains by current technology such as technological issues. In addition, RTC
may not always be cost-effective for all situations (Colas et al., 2004; US EPA, 2006), but is
beneficial only in stormwater networks in which there is unused storage capacity during inter-
event period.

Several components are required for RTC systems to function. As the complexity of the
system increases, the number of components also increase, and this is illustrated in Figure 2-4.
The typical components of an RTC system include: control systems (SCADA), data transfer
structures, control devices (typically Programmable Logic Controllers (PLC)), actuators and
measurement instrumentation (Beeneken et al., 2013).

Incorporation of RTC into stormwater conveyance network has gathered much interest
in recent years although the technology it applies is not new. It was in the late 1960s when the
first RTC prototype was introduced into an urban drainage system (Garcia et al, 2015). Europe
and North America in particular, have shown an increasing number of RTC systems that have
been implemented into stormwater conveyance networks (Garcia et al., 2015). Whilst research
on RTC systems initially focused on the stormwater conveyance network to reduce sewer
overflow through increasing retention time, more recent research has started to focus on
increasing retention time in stormwater ponds for improvement on the water quality that RTC
system provide (Fuchs et al., 2004; Muschalla et al., 2014; Vezzaro et al., 2014).
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Figure 2-4: The various levels of complexity of Real Time Control systems (Vallabhaneni
& Speer, 2011)

2.12 Rule-based RTC

Local, rule-based control (RBC) also known as heuristic control logic is the simplest form of
automated RTC. In RBC, before the system is online, typically in the style of an ‘if-then-else’
logic structure, the control actions are set manually. This implies that, expert knowledge of the
urban drainage system (UDS) for RBC systems design and implementation is required
(Vitasovic, 2006). The reason why these systems are often developed in an iterative way is to
pre-programme the control algorithm to handle all possible circumstances (Gaborit et al., 2013;
Goodman & Quigley, 2015).

A study on rule-based control tested two ‘extreme’ control schemes (Jacopin et al., 2001).
The first study aimed to prevent flooding during large storms by always maintaining maximum
capacity of detention basins. The second study focused on promoting sedimentation during
smaller events to detain water. It was concluded that both water quality and hydraulic control
objectives can be met with RTC, but switching between the two strategies in the decision-
making process was left to future research.

Simple control rules based on water accumulation, current precipitation measurements
and pond depth are used to reduce large discharge rates in a detention basin and maximize
hydraulic retention time of stormwater runoff (Gaborit et al., 2013). Further modelling of this
system with a calibrated water quality model for nutrient treatment capabilities in a detention
basin through application of RTC showed improvements (Muschalla et al., 2014), and the field
experimentation of the system which was carried out for verification was successful (Carpenter
et al., 2014). The application of RTC has been shown to improve water quality treatment
through prolonged retention time in a variety of Best Management Practices (BMPs) such as
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wet ponds, constructed wetlands and green roofs (Bartos et al., 2017; Lefkowitz et al., 2016;
Middleton & Barrett, 2008; Opti RTC & Geosyntec Consultants Inc., 2017).

In the work by Goodman & Quigley (2015), another heuristic control innovation was
implemented to match post-development BMP to an approximation of pre-development runoff
rates using flow-duration curve. This technique would allow for full flow-regime management
which is shown to reduce unnatural erosion of waterways more efficiently rather than reducing
the peak flow from low-frequency events, such as using multi-stage outflow risers to address
2-year and 10-year peak flows (Palhegyi, 2010; Tillinghast et al., 2011; Vietz et al., 2015).
However, the curve-matching approach presented by Goodman & Quigley (2015) is a
potentially expensive endeavour because it requires extensive modelling and many iterations.
Additionally, the myriad definitions for “pre-development flow” given in US stormwater
regulations has made it clear that the concept of pre-development flow has no universally
accepted definition (USEPA, 2016).

Attempts have been made to apply regional coordination of RBC as the majority is
implemented locally. McCarthy (1994) describes a simple technique to coordinate flows from
two detention ponds so that they do not exceed the capacity of a downstream channel.
Mullapudi et al (2017) prevented overflow and maximized treatment by balancing the
discharges from two detention basins into a wetland. Releases from two detention ponds were
alternated to create on-phase and off-phase interaction of flows at a downstream point in an
experimental RTC set up (Mullapudi et al., 2018). For this method, experimentally-gathered
travel time and shape of downstream hydrographs from each detention basin are used.
However, interactions of more than two RTC elements in the same watershed is an area that
remains poorly understood even though advances of important work are provided for
coordination of several RTC elements. Thus far, there has been a shift towards global
optimization-based control approaches by academics and UDS operators to address this
problem.

2.13 Optimization-Based RTC

Many researchers have embraced optimization based RTC algorithms with capacity to predict
the interactions of nonlinear complex systems typical in an urban drainage system (Garcia et
al., 2015; Lund et al., 2018). An optimization-based control algorithm minimizes costs and
maximizes benefits costs for a system of inputs and outputs by employing mathematical
techniques. This is referred to as global optimal real-time control (GO RTC) when applied for
system-wide control. The algorithmic families loosely ordered from most to least prevalent,
include Model Predictive Control (MPC), Linear Quadratic Regulators (LQR), Evolutionary
Algorithms (EA), and Population Dynamics are most commonly applied for GO RTC of urban
drainage systems (Garcia et al. 2015).

MPC and LQR allow for the control logic to have a system-wide perspective since they
incorporate an online system for their execution. Many advancements in LQR control have
been developed for operation of irrigation canals (Balogun et al., 1988; Lemos & Pinto 2012)
and reservoir routing (Wasimi & Kitanidis, 1983), but has been applied in both combined
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(Marinaki & Papageorgiou, 2003) and separate (Wong & Kerkez, 2018) sewers for the control
of urban drainage system. Future disturbances such as forecasted rainfall and runoff can be
incorporated by MPC to allow for feedforward, as well as feedback, control. This use of
predictive information is particularly relevant to urban drainage systems as it uses weather
forecasts such as the drawdown of storage facilities before a large storm for anticipatory
actions. Many scholars agree that the complexity of Model Predictive Control may hinder its
great potential for optimal management of urban drainage systems (Garcia et al. 2015; Lund et
al. 2018). Lund et al (2018) reviewed applications of MPC in urban drainage system and found
few examples of real operations actively implementing MPC. Garcia et al (2015) concluded
that MPC is one of the most used forms of GO RTC and this directly contradicts the study from
Lund et al (2018). This contradiction may be due to hesitation by local governments to
implement such an opaque and complex control strategy as current work in MPC has largely
been theoretical and simulation based rather than applied.

Multi-objective optimization problems with nonlinear inputs are well suited for
Evolutionary Algorithms (Muschalla, 2008). EA is used for offline analysis of urban drainage
systems in most of the existing literature (Barreto et al., 2010; Cho et al., 2004; Muleta &
Boulos, 2007; Muschalla, 2008), with limited examples for online real-time control utilizing
EA (Vezzaro & Grum, 2014). Similarly, Garcia et al (2015) pointed out that the application of
Population Dynamics to RTC remains relatively unexplored. Work by Barreiro-Gomez et al.
(2015) appears to be the only study that applied Population Dynamics for the control of an
urban drainage system.

2.14 MPC basic principles

The prediction that warmer global temperatures will cause more intense storm events, increases
the stress on stormwater systems (Berggren et al., 2012). Concurrently, sea level rise which
reduces the already limited elevation head required to drain stormwater from streets to
receiving bodies will likely decrease the effectiveness of coastal cities stormwater systems
(Sadler et al., 2018). Alternatives are required to increase the effectiveness of coastal cities
since significant changes to existing coastal cities stormwater infrastructure is often cost
prohibitive. Kerkez et al. (2016) proposes a ‘smart” system which can increase the effectiveness
of stormwater infrastructure by actively managing the existing stormwater infrastructure.

The approach of a ‘smart” system efficiently uses the existing infrastructure by increasing
its effective capacity without increasing the actual capacity of the stormwater infrastructure
(Sadler et al., 2018). The use of an automated valve at the outlet of a detention basin which can
be closed or opened based on forecasts and conditions can be categorized as an example of
active management of stormwater infrastructure.

The stormwater system ability to achieve its objective (e.g., minimize flooding,
optimization of storage) can be largely impacted by the effectiveness of the actuators in the
system. Model predictive control (MPC) can determine the optimum control policy for a
system (i.e., which actuators can be modified, when to modify them, and to which
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modification/setting). Gelormino and Ricker (1994) focuses on urban drainage scenarios that
effectively used MPC.

MPC is one way of performing advanced RTC of urban drainage systems (Lund et al.,
2018). In the 1960s, MPC was first described theoretically, and its application was evident until
the 1970s (Qin and Badgwell, 2003). The expansion of MPC application in some industries
was based on the underlying fact that MPC concept is relatively easy to understand
(Maciejowksi, 2002). It has been applied across a wide range of technical fields including food
processing, chemical plants, production of pulp and paper, and aerospace and automotive
industries (Qin and Badgwell, 2003).

The receding horizon principle and optimization are two key aspects of MPC (Lund et
al., 2018). The receding horizon principle, which involves the repetition of optimizing the
control recursively within a finite time horizon; and optimization, which selects the best
possible sequence of control actions within this horizon. This optimization consists of an
optimization model, an internal MPC model and an optimization solver.

In MPC, the internal MPC model computes the states of a system from the time of
forecasts and into the future through the incorporation of input predictions in the form of runoff,
rain, and/or sewage from relevant parts of an urban drainage systems (Figure 2-5). The
optimization model defines the operational goals and, also from a basis on which the control
actions are computed by the optimization solver. The optimized control is carried out in reality
for only its first part; concurrently, a new optimization is performed. Every re-optimization can
be utilized to incorporate new information about the input and state of the system.
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Figure 2-5: The concept of MPC, including the receding horizon principle and
optimization. TOF D time of forecast (Lund et al., 2018)

In principle, MPC can deal with multivariable in complex systems considering operational and
physical constraints such as pipe flow and actuator limitations. Hence, MPC can be applied
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globally and locally as a control scheme. MPC as a control strategy, is advantageous for
complex and large urban drainage system with multiple wastewater treatment plants (WWTPs),
multiple overflow structures, and a complex network of storage basins and actuators distributed
in various parts of the sewer or SWH system, where constraints on water levels, volumes and
flows are to be respected, and in a heterogeneously distributed rainfall case (Cembrano et al.,
2004; Gelormino and Ricker, 1994; Ocampo-Martinez and Puig, 2009a, 2010; Pleau et al.,
2005; Puig et al., 2009). MPC can anticipate a problem that arise from a limited capacity of
structures based on the application of input predictions; therefore, the control becomes
proactive (Duchesne et al., 2001, 2004; Garcia et al., 2015; van Overloop et al., 2008; Puig et
al., 2009; Schutze et al., 2004).

2.15 Procedure for Assessing the RTC for a given system

The criteria to assess the suitability of an RTC strategy for an urban drainage system concerning
the specific system features are conditioned by several aspects rather complex to determine
(Rossman, 2006). Several studies to establish the necessary standard and RTC application
aspects were carried out (Maiolo et al., 2020). Erbe et al. (2007) is an example that provides
RTC guidelines by the DWA (German Association for Water, Wastewater, and Waste).
Moreover, some software tools such as the planning tool called PASST (Planning aid for sewer
system real-time control) were developed for support during the decision-making process
(Dirckx et al., 2011; Erbe et al., 2007).

The definition of a ‘control strategy’ arouse by critically analysing the above factors
(Maiolo et al., 2020). The RTC possible configurations range from direct and simple controls
accomplished at the “local” level (punctual or regional) to more complex “global” controls
with an “optimal predictive global” configuration concerning the whole system (US EPA,
2006) as discussed in Section 2.12.

Many studies so far were concentrated on a centralized RTC’s approach (Beeneken et
al., 2013; Pleau et al., 2005; Darsono & Labadie, 2007). However, given the huge amount of
data to be read, managed and processed, this type of control system presents some problems
although reliable (Maiolo et al., 2020). Generally, all data collected by sensors are sent to a
central unit based on a specific strategy to produce a command for the actuators in this
approach. Hence, a similar approach requires efficient connections among complex
mathematical model and all elements (actuators and sensors) based on its functioning.
Moreover, the behaviour of the whole system can be compromised due to failure of one node
(Garafalo et al., 2017).

Recently, Kéandler et al. (2020) have developed a new concept of a smart in-line storage
system that can predict rainfall dynamics, and is easy to install and operate by real-time
controlled actuators, and does not require an advanced centralized control system.

In the work by Erbe et al. (2007), guidance is provided to enable the engineer to assess the
potential of Real Time Control by the DWA-M 180 guideline document. The document puts
its main emphasis on technological-environmental aspects whilst giving valuable advice for
the various stages of the planning and implementation process. Furthermore, legal and financial
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issues are also addressed in the document. The proposed procedure (Figure 2-6) consists of
three main steps.

Step 1 — Initial considerations

The objectives of the urban drainage system under study are specified in the first step. As
practice shows, this task may involve numerous discussions with the company operating the
system relating to each other’s financial objectives, environmental objectives and the
consenting procedure, although this may sound trivial. Often, an evaluation of a multitude of
objectives will have be considered for the suitability of real-time control for a given site. A
point scoring table (contained also within PASST) that constitutes the first milestone of the
procedure is used for evaluation.

Step 2 — Preliminary analysis

Some more information on the case study is required at this stage: Information should be
collected on the availability of simulation models for the given system, existing sensor and
control equipment, catchment data, detailed network layout, and the organizational, legal and
regulatory framework. It is important to note that since the operational staff have expertise with
the system which might not be documented in written form, discussions with the operational
staff will also be required. In addition, the increase in the acceptance of any RTC system
requires involvement of the operational staff because it has to be managed in the future. At this
stage, any information required for the subsequent steps that is missing should be collected.
When comparing any future operational scenarios against the present state, the description of
the current state of the drainage system and of its current performance will also be invaluable.
The preliminary simulation of the study is the core of this preliminary analysis. A simulation
study should be carried out after an initial check on the potential for control obtained by doing
simple mass balancing, using some indices or from an analysis of the behaviour of the existing
system.

Step 3 — Detailed planning of the RTC system and its implementation

The next step will consist in detailed planning of the control system if the evaluation of various
scenarios has resulted in RTC being the favoured option. The guideline document can provide
only some general recommendations for this step due to boundary conditions and different
dimensions within each particular system. The following aspects refer to the subsequent steps:

o Step 3.1 Detailed planning of control infrastructure
o Step 3.2 Detailed design of the control algorithm
o Step 3.3 Preparations for obtaining consent by the governmental authorities

o Step 3.4 Risk and failure analysis
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Figure 2-6: Flow chart of RTC planning procedure (after Erbe et al., 2007)
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2.16 Urban drainage systems with Rule-based RTC
2.16.1 Diep River sub catchment

The study focused on discovering whether it was economically viable to use low complexity
Real Time Control (RTC) techniques. The techniques were used to facilitate stormwater
harvesting (SWH) from several existing ponds in the Diep River sub catchment (Cape Town,
South Africa), without diminishing their capacity to attenuate downstream flood risk. The sub
catchment experienced seasonal rainfall with wet winters, warm, dry summers and mild
(WWO, 2016). Six SWH scenarios that were modelled for the study used three RTC strategies
coupled with two alternative water demand alternatives for supply of selected developments
with non-potable water.

For the study, it was assumed that the control of the outlets of all the existing ponds could
be modified to retain runoff. All ponds were positioned directly in-line with the watercourse
(on-line modelling) open storage facilities without impregnable linings. Hence, the ponds
would be susceptible to water losses through infiltration and evaporation with an average of
18% modelled loss of volume (Rohrer & Armitage, 2017). The modelled storage volume of
each pond was categorized into flood mitigation, active storage and dead storage (Figure 2-7).

\Irlﬂow

Flood spillway

—  Outlet for flood
mitigation

—*  QOutlet for supply

Dead storage

Figure 2-7: Conceptual design of an open storage stormwater harvesting system
(Mitchell et al., 2006)

Dead storage upholds the aesthetic value of the pond and represents sediment removal; active
storage is the volume of water which can be supplied; whilst flood mitigation storage attenuates
storm events through provision of additional volume over-and above spare active volume
capacity of the pond. The six modelled scenarios of the study are shown in Figure 2-8. These
consisted of three basic RTC strategies (A to C), each with two non-potable water demand
alternatives that are different (WDA) (1 & 2).
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Figure 2-8: The six SWH scenarios — RTC strategy and Water demand Alternatives
(WDA) — modelled (Rohrer & Armitage, 2017)

A stormwater pond could perform one of the three rules within each RTC strategy namely
for: (i) storage of runoff only; (ii) storage and harvesting of runoff; or not used for SWH.
Storage ponds were only used to store runoff which was then released to a downstream storage
and harvesting pond according to various rules. Storage and harvesting ponds were only used
to extract the stored runoff. Ponds that were neither used for harvesting and/or storage were
not adjusted in any way, i.e., they retained their existing duty which was to reduce peak flows.
Two separate residential non-potable water demands: WDA 1 (toilet flushing); and WDA 2
(toilet flushing, clothes washing and lawn irrigation) were used in the modelling of each RTC
strategy.

There were 243 different possible RTC strategies that could be devised from the
combination of the existing stormwater ponds and pond roles, assuming that Little Princess
Vlei (LPV) which was the most downstream pond in the catchment was to only be used for the
storage and harvesting of runoff. Modelling all of these RTC strategies was thus unnecessary
as long as the most representative ones considered because most shared considerable
similarities to one another. Hence, only three RTC strategies that represented the most extreme
options coupled with the two WDAs (Figure 2-9) were modelled in an effort to streamline the
study and massively save on computational effort.
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Figure 2-9: Schematic of RTC options: (a) RTC strategy A; (b) RTC Strategy B; (c)
RTC Strategy C (Rohrer & Armitage, 2017)
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RTC Strategy A considered only one pump in the system located at LPV and no control on the
outlets of any ponds, which were the least possible modification to the existing stormwater
ponds. This meant all ponds retained their existing function except for LPV which was utilized
for harvesting and storage. This strategy was used as a ‘benchmark’ against which the other
alternatives could be assessed. The following rules were used for RTC Strategy A:

o During periods in which there was a demand for harvested storage, the pump was turned
on and it extracted water from the pond if the water level in LPV was above the dead
storage depth. The pump was turned off if the water level in LPV was below the dead
storage depth or there was no demand for harvested stormwater.

o RTC Strategy B considered a completely decentralised way of investigating the
viability of harvesting stormwater. All the existing ponds were modelled for both
harvesting and storage. Stormwater that is harvested in this way maximizes the potential
for SWH but also costs the most resulting in a less economically viable solution. The
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outlets and pumps in each pond were modelled for RTC operation except for the outlet
at LPV under the following rule:

o Every pond in the catchment was able to pump water out. Each pond comprised of a
pump which was independently operated based on the local conditions it serves, i.e.,
whether there was water available above the dead storage level and demand for
harvested stormwater. The pump was turned off if the water level in a pond was below
the pond’s dead storage or there was no demand for harvested stormwater.

o When the water level in the ponds exceeded their active storage depth, the pond outlets
were opened; otherwise, the outlets remained closed.

o RTC strategy C investigated, harvesting stormwater in a centralized manner at the most
downstream pond in the catchment — LPV to maximize the storage within the
catchment. It was assumed that four of the ponds; 1, 2, 3 and 4B which were modelled
for storage only would best represent the benefits of utilizing RTC for improvement of
the viability of SWH as it limited the maintenance, operation and capital costs whilst
maximizing storage volumes. The following rules were used for RTC operation:

o The outlets of ponds 1, 2 and 3 were independently opened if their active storage depth
was exceeded by the water level of the respective ponds. The outlets of ponds 1, 2 and
3 were also opened when the water level of the respective pond exceeded its dead
storage depth whilst the water level of in pond 4B dropped below its dead storage
depth. The outlets remained closed under operation of other conditions.

o When the water level in pond 4B exceeded its active storage depth, the outlet of the
pond was opened. When the water level in LPV dropped below the dead storage whilst
the water level in pond 4B exceeded the depth of its dead storage, the outlet in pond
4B was opened. The outlet remained closed under operation of other conditions.

o During periods in which there was a demand for harvested stormwater, the pump was
turned on and water was extracted from LPV when the water level in the pond was
above the dead storage depth. The pump was turned off if the water level in LPV was
below the dead storage depth or there was no demand for harvested stormwater.

The program PCSWMM 6.2 was used to create and calibrate a SWMMD5 catchment
stormwater model for the study. The stormwater catchment network for a continuous ten-year
period using a fifteen-minute time step and the hydraulic and hydrological runoff or behaviour
within the catchment was simulated using the stormwater model. The Hargreaves method
(Allen et al., 2006) was used to model evaporation whilst the Green-Ampt infiltration method
(Chow et al., 1988) was used to model the infiltration within the catchment stormwater model.

Direct costs (i.e., maintenance, operational and capital costs) were only considered to
perform a Life-Cycle Cost Analysis (LCCA) for each RTC strategy to establish the effective
unit supply cost of SWH and distribution, disregarding non-monetary aspects and indirect costs
(Rohrer & Armitage, 2017). The conversion of all costs required to sustain the asset over its
lifespan to an equivalent time period is a necessary process during an LCCA. Several studies
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were used as a guide to estimate costs for the study (Lampe et al., 2005; Woods — Ballard et
al., 2007; WERF, 2016; Armitage et al., 2013). A real discount factor of 3.25% (Government
ten-year bond minus inflation) was used to perform each LCCA for a fifty-year duration
(HomeFinance, 2016; Investing, 2016). Armitage et al. (2013) proposed recommendations that
were used for the study on the life span of each system component. The straight-line
depreciation method that assumes that each component zero value at the end of its life cycle
was implemented to complete residual values (Rohrer & Armitage, 2017). The Equivalent
Annualised Cost (EAC) was used to reduce each scenario after the Life Cycle Cost was
computed.

An optimal state in which the harvested volume of stormwater is traded off against costs,
was required to create economically viable SWH system. Harvesting from multiple ponds
(Scenario B1 and B2) in a decentralised manner maximised the harvested volume and increased
the overall cost of the system due to increased maintenance, operation and capital costs,
particularly associated with the requirement for dual reticulation systems and multiple
treatment works. In comparison to harvesting from a single pond in (Scenario A1, A2, C1 and
C2), the centralised system maximised infrastructure costs but with low yield. The estimated
raw unit cost to supply harvested stormwater for each scenario, estimated average yield and
total infrastructure cost were all considered in the study.

Options that considered WDA 2 in comparison to WDA 1 were clearly more
economically viable. This was expected as SWH system supplying areas with a high-water
demand concentration (i.e., water demand/area) are most likely to be economically viable due
to the limitation of the extent at which dual water reticulation required, which results in lower
infrastructure costs (Fisher-Jeffes, 2015). Cost per cubic metre to supply harvested stormwater
comparable to the typical maximum tariffs (29.03, 23.51 or 15.81 ZAR/m?®) which the City of
Cape Town used as a ‘rising-block’ tariff scheme depending on the demand to bill residents
within the catchment for their potable water usage at the time of the study (Rohrer & Armitage,
2017). When comparing results of the estimated raw unit cost to supply harvested stormwater
for each scenario with the results of the estimated yield; single, centralised, pump, treatment
and distribution systems (Scenario Al, A2, C1 and C2) essentially outweighed the loss in
effective storage in comparison with the decentralised system (Scenario B1 and B2) due to
lower costs. However, it was possible to achieve the economic benefits of centralised system
whilst obtaining yields in comparison to these obtained by decentralised system through the
use of RTC for distribution of storage amongst upstream ponds (Scenario C1 and C2).

The study demonstrated that the use of rudimentary RTC techniques can secure
considerable additional storage capacity within an existing stormwater pond system pond
system without significantly impairing the existing pond’s ability to mitigate downstream flood
risks. Harvesting stormwater in a centralised manner was clearly more economically attractive
despite the lower stormwater yields in comparison to decentralised SWH system which
maximised the available storage. However, the use of rudimentary RTC techniques in
centralised systems for distribution of stored runoff amongst upstream ponds nearly yielded
stormwater volumes as large as those obtained by decentralised system at unit costs comparable
to a completely centralised system, therefore offering a good reference between both
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approaches which have favourable aspects. Hence, existing stormwater ponds to store runoff
amongst distributed ponds which be enabled through the use of rudimentary RTC techniques
has the potential to overcome some of the storage limitations in urban area associated with
SWH, thus making this a viable water source.

2.16.2 Québec city catchment

The case study was conducted in a grassy, dry, on-line stormwater detention pond located in
Québec city (Canada) at the outlet of a residential catchment. The catchment covered 15.3ha
with an average slope and imperviousness estimated to about 3.5 & 33% respectively (Gaborit
et al., 2013). The catchment was equipped with a separate dual drainage sewer system for
stormwater which utilized the streets as the major conveyance and an underground sewer
system as the minor one. The maximum outflow of the detention pond was fixed to 0.35 m?/s.
The urban catchment sewer conveyance system’s geometrical and land use properties were
precisely known, as well as the storage capacity of the pond and wet surface as a function of
height.

The runoff volume and quality exiting the small urban catchment, including its dry
detention pond was simulated using the open-source Storm Water Management Model
(SWMM) version 5. The SWMM5 build-up/wash-off representation was used to simulate the
runoff quality. A storage curve (representing the area as a function of height) which can
describe a non-linear, completely mixed reservoir was used to simulate the dry detention pond.
Control rules to manage the routing of the flow in the sewer conveyance system can be defined
using SWMMb.

Trial-and-error was used in the decision-trees presented for the study for threshold
values. The RTC methodology for the study focused strictly on developing rules that rely on
measurements of rain intensity and on water heights in the pond rather than on flow
information, because technical problems are more likely to occur with velocity sensors than
with water height sensors. The gate’s opening percentages were based on an analysis of the
pond’s drawdown time when completely filled to allow a wide variety of possible discharge
flows. Control rules were associated to a corresponding priority order in the SWMM5 model
that can be performed by choosing two different control actions when system states led to
simultaneous but contradictory pre-defined resulting actions. The rules are presented in
decreasing order of priority (Figure 2-10 and 2-11).
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Basic Evolved A
IF POND DEPTH >=1.55m R1 IF POND DEPTH>=1.55m
THEN GATE’s OP* = 100 THEN GATE’s OP = 100
IF RAINFALL > 0 mm R2 IF RAINFALL > 0.0 mm
AND 1.2<=POND DEPTH<=1.4 m AND 1.4 <=POND DEPTH<=1.5m
THEN GATE’s OP = 20 THEN GATE's OP = 20
IF RAINFALL > 0 mm R3 IF RAINFALL = 0.0 mm
THEN GATE’s OP=0 AND 1.4<= POND DEPTH<=1.5m

THEN GATE's OP = 10

Evolved B = Evolved A +: R4 IF RAINFALL > 0.0 mm

R7 IF 30 min<DET TIME*<30h AND 1.25<=POND DEPTH<=1.35 m
AND POND DEPTH<=1.35 m THEN GATE’s OP = 10
THEN GATE’s OP =0 RS IF RAINFALL > 0.0 mm

R8 IF DET TIME > 60h AND POND DEPTH < 1.20 m
THEN GATE’s OP = 10 THEN GATE’s OP = 0

R9 IF DET TIME > 48h R6 IF RAINFALL = 0.0 mm
THEN GATE’s OP = 5 AND 1.25<=POND DEPTH<=1.35 v

THEN GATE's OP =5

Figure 2-10: Rules of the first three developed RTC scenarios. OP = opening
percentage; DET TIME = detention time (Gaborit, 2013)

Evolved D = Evolved C +: Futire D = Evolved D+

(examples) (examples)
R10 IF WAT. ACC. TIME* > 3.65 d
THEN GATE’s OP = 100 IF P 3h* > 30 mm
R11 IF WAT. ACC. TIME>356d | Between  AND POND DEPTH >=0.63 m
THEN GATE’s OP = 30 RlandR2  THEN GATE's OP = 100
R12 IF WAT. ACC. TIME >3.47d | (Fig-7) IFP3h>20 mm
AND POND DEPTH <= 1.5 m AND POND DEPTH >= 1.17 m
THEN GATE's OP = 20 THEN GATE’s OP = 100
IFP6h>25mm

Future E = Future D + (examples) :
AND POND DEPTH >= 1.40 m
IF 60h < WAT. ACC. TIME < 63h THEN GATE’s OP = 100
AND P 21 to 45h* > 6 mm
AND P 12h <3 mm
THEN GATE's OP = 25
IF 63h < WAT. ACC. TIME < 66h

IFP12h >35mm
AND POND DEPTH>=1.35m
THEN GATE’s OP = 35

AND P 18 to 42h* > 6 mm IF P 24h > 35 mm
ANDP 24h <3 mm AND POND DEPTH >=0.99 m
THEN GATE's OP = 15 THEN GATE’s OP = 20

Figure 2-11: Rules of the ‘‘evolved D’ strategy and examples of rules of the RTC
scenarios relying in addition on forecast information; WAT. ACC. TIME = time spent
with water accumulated in the pond (water accumulation time); P xxh = total rainfall

depth forecasted over the next xx hours; Pxx to yyh = total rainfall depth forecasted
between the next xx and yy hours (Gaborit et al., 2013)

Real-Time control objectives to manage a dry pond included inter alia avoiding any
overflow while maximizing the detention time; retaining runoff as soon as it starts entering the
pond to deal with a possible first-flush effect; performing a smooth drawdown when
discharging the pond if there is no need to hurry in order to minimize re-suspension and
hydraulic shocks induced to receiving water bodies, were taken into consideration to evolve
control from a “basic” scenario to the “evolved A” one as shown in Figure 2-10. As soon as
the water height fell below some warning levels, the “evolved A” scenario allowed
diminishment of the pond’s outflow. The pond’s overflow safety which relates to the conditions
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of the rules were able to limit their instability by depicting some dead bands in their involved
level threshold values. To avoid abrupt changes in the gate’s opening percentage which would
result in induced hydraulic shocks to the receiving river, the “evolved A” case had to consist
of more control rules than the “basic” scenario.

The ‘evolved B’ case specified minimum and maximum detention time rules (Figure 2-
10). Vallet (2011) justified a minimum detention time, where 30 hours was considered for the
study and was in accordance with the minimum detention time. Vallet (2011) noticed that first-
flush Suspended Solids (SS) accumulated near the outlet of the basin during its filling, and it
took about 20 hours to significantly decrease and homogenize the Total Suspended Solids
(TSS) concentration in the pond. In the rules, the condition of the minimum detention time was
associated to a water height of the pond limitation above which the rule was not taken into
consideration (Gaborit et al., 2013). This was done by considering the overflow safety to
prevent closing the outlet gate in the dead bands of the rules. At only 30 min after the end of
the last rain event, the minimum detention time was thus considered. The value of 30 min was
selected due to the lag time of the basin being 15 min in order to prevent the closing of the
outlet gate when runoff volume of the last rain event had not yet reached the detention basin.

Vallet (2011) proposed maximum (useful) detention times which were integrated in the
study. Vallet (2011) noticed that, beyond 40 hours of retention (settling), almost no more
quality was achieved. Hence, the pond’s maximum hydraulic capacity was recovered by
smoothly emptying the pond which was preferable for such a case (Gaborit et al., 2013).

The ‘evolved B’ scenario was modified to create the ‘evolved C’. When the rainfall of
the last 5 min was greater than 0, a rainfall event was detected while resetting the dry time to
0 for the “evolved C” scenario. The “evolved C” considered a rainfall event only when the
following conditions were met in order to prevent closing the outlet gate for negligible rainfall
depths: if rainfall of the last 25 min was greater than 0.6 mm, rainfall of the last 10 min was
greater than 0.4 mm, or rainfall of the 5 min was greater than 0.3 mm (more than rain bucket
tip). This refinement captured the first flush runoff as it allowed a sufficiently rapid closing of
the outlet. It thus reduces the frequency of oscillations between the dry and rainy status of the
system as it contributes to a reduction in the number of operations applied to the gate.
Following the same, the minimum detention time (assumed equal to dry period) in the “evolved
C” was reset to 0 only when the rainfall depth of the last 25 min was greater than 0.6 mm.

Accumulation of water in the pond was limited to 4 days for mosquito prevention
(Santana et al., 1994; Knight et al., 2003) in the “evolved D” scenario. Hence, rules were added
directly before or after level-based rules with the same resulting gate’s opening percentages to
the decision tree (Figure 2-11) of the “evolved C” scenario (Gaborit et al., 2013). When the
water level exceeded 0.055 m, water accumulation time in the pond was initialised and stopped
when it fell below 0.045m. The results of simulated water heights of the RTC of the “evolved
D” scenario were able to maximize detention time while avoiding any overflow than the static
“basic” control case.

Rainfall forecasts were accounted for in the study since they may provide the necessary
information for overflow risk reduction. The Environment Canada (EC) provided forecasts that
were used in the study, and the forecasts covered a 3-month period of the autumn of 2010. The
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forecasts consisted of their Global Ensemble Product (GEP) that has a spatial resolution of 100
x 70 km (7000 km? at mid-latitudes), maximum prediction horizon of 240h, a 3-h timestep, two
updates per day and 21 members. Maximum horizon of 72 hours was used for the study, which
allowed enough anticipation time for the small urban (Quebec) catchment. The 15.3ha (0.153
km?) small urban catchment was inappropriate for the GEP resolution. Hence, the original
GEP’s rainfall forecast spatial disaggregation which derives products with 6 km resolution as
performed by Gaborit et al. (in press) and exploiting the downscaling technique proposed by
Perica & Foufoula-Georgiou (1996), were used for the study.

Rainfall nowcasts up to 6-hour horizon can be allowed through extrapolation in time of
radar rainfall maps (Pierce et al., 2004). The available rainfall forecasts that originate from
meteorological models could be coupled with nowcasts if longer lead times are required
(Bowler et al., 2006). The pond’s hydraulic capacity was anticipated using the meteorological
data (Gaborit et al., 2013). The current pond water level and its remaining volume capacity
were measured at any given time. Based on the rainfall forecasts and associated runoff
coefficient, the future incoming volume of runoff was calculated. This coefficient was defined,
based on a few (but varied) observed rainfall events and their associated simulated runoff
volumes (accounting for the constant base flow), as a function of the duration and volume of
rainfall implied in the event. In addition, the coefficient was found to vary between 35% and
61%. Then, the gate’s opening percentage was computed based on the volume to be evacuated
and the time remaining before the predicted overflow will occur, only if a hydraulic capacity
excess was forecasted.

The total rainfall depths predicted over the next 3, 6, 12, and 24h were taken into
consideration at each given time by the forecasts. A duration equal to half of the horizon length
and hence respectively fixed to 1, 3, 6, and 12h was used as a target, so as for the rainfall depth
forecasted over a given horizon to correlate with the duration. This way, a correction was done
when the rainfall volume was to be included in the shorter horizon forecasts, only if a fraction
of the incoming runoff volume was underestimated because of an overestimation of the rain
duration.

The time left before the occurrence of a forecasted overflow coincided with its associated
rain event duration. This relies on the principle that if a security warning was caused by the 6-
hour horizon forecast, and so on, there was at least 3 hours to discharge the pond if no hydraulic
capacity warning was issued by the 3-hour horizon capacity.

The following methodology was used to translate the aforementioned philosophy in the
SWMMS5 control rules: the gate was opened when at the next higher threshold percentage; if
the incoming runoff volume forecasted by a rainfall forecast was greater than the pond’s
maximum volume minus the current volume and minus the volume of water which can be
discharged by a gate’s opening y% in the remaining time. However, maximum water level
heights (instead of the current pond volume plus the volume which can be discharged with a
given gate’s opening) and forecasted rainfall depths (instead of predicted volumes) were used
to the write the rules in SWMM5. More precisely, this was achieved using four different
possible gate opening percentages of 10, 20, 35, and 100%, eight different rainfall depth
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thresholds from 0 to more than 40 mm (with increments of 5 mm), and rainfall forecasts with
four different possible horizons.

Enhanced RTC scenarios of a dry detention pond were proposed in the study as described
above. A high potential of improvement of the pond’s performance was revealed through the
many different strategies implemented. In all implemented RTC strategies, TSS (and associated
pollution) of the pond increased from 46% to about 90%. The rules indeed allowed
simultaneous prevention of overflow and maximization of induced hydraulic shocks to the
receiving water bodies while maximizing the detention time of water. Mosquito breeding issues
were avoided by respecting the constraint relative to a maximum time of 4 days with water
accumulated in the pond. Even if meteorological forecasts are, of course, not error-free; taking
rainfall forecasts into consideration can further reinforce the safety of the management
strategies. Such strategies are interesting because they do not require an on-line implementation
of the model (i.e., no simulation has to be performed in real-time) since they allow
consideration of forecasted information. For smaller return period events, it is envisioned to
use a dry pond for design to draw more precise conclusions about the pros and cons of the
(scenarios considering) different forecast products by increasing the frequency of potential
overflow situations. Sophisticated scenarios as such, may be too costly for implementation in
practice since they rely on remotely controlled actuators, data acquisition system and automatic
sensors. Scenarios which rely on rainfall forecasts, only on the pond’s depth at the of the
adjustment and on one (manual) adjustment per day of the pond’s gate opening; are all currently
being tested.

2.16.3 Tehran drainage system

The study focused on a main drainage system of Tehran, the capital of Iran which is located in
the southern part. The network covered an area of 156 km? which included 42 sub-catchments
and 132 conduits (Jafari et al., 2019). The drainage network consisted of 116 km underground
tunnels approximately 15.6 km which lacked the capacity to safely transfer stormwater runoff
of a 50-year design rainfall. The studied system, which is a detention reservoir, applied on-line
RTC with controllable and uncontrollable gates and openings was built to temporarily store
excess storm runoff due to lack of hydraulic capacity of the drainage network. The model
performance on the detention reservoir was examined using six severe historical events.

The operation model focused on reducing flood inundation at downstream of the system
by discretizing the maximum depth of a detention reservoir with an outflow gate located at B
meters above the surface (Figure 2-12) into n levels. In this considered case, the outflow gate
was crucial in the control of flood. Hence, a policy on how to regulate gate openings which
considers decision variables was used to solve the optimization problem of system’s operation
performance. In other words, the gate opening percentage were represented by decision
variable (G;j) which corresponded to water levels within the interval [d;, dj+1) (Figure 2-13).
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Figure 2-12: Discrete water level in the detention reservoir (Jafari et al., 2019)
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Figure 2-13: Decision variable vector (Jafari et al., 2019)

Height B controlled the number of decision variables because as the water level exceeded the
bottom edge elevation of the gate, the gate began to function. Obviously, addition of more gates
would have resulted in an increase in the number of decision variables. Optimal real-time
operation (RTOP) model was used to obtain an operation policy (gate openings percentage) for
evacuation of water out of the system.

The operation policies of regulators were updated periodically in the RTOP model, so
that the horizon D is divided into a number of decision time intervals T;, and each decision time
corresponded to a particular control rule Ri which was derived. Consequently, time horizon D
was used to determine finite sequence of operating Ry, R, ..., Ri, ..., Rn where during the
interval Ti, each R; alludes to a vector of optimal policies for gate operation to be applied.
Presented below is the model formulation of RTOP.

RTOP model formulation
MIN : ¥ . Fr (2.2)
Subject to:
Fr = f(R h, Gj, ), (2.3)
0< h, < HMAX  (2.4)
he = f(he—1, Qines Gj)Tl- (2.5)

]le{o if hy <B

G
[Gj Yil.Z, X P, otherwise

(2.6)

YizZ, =1 (27)

In the evaluation of the objective function (Equation 2.2), it was important to note that the
formulation represents a multi-period optimization model since it considers the state of the
current decision time T; to the end of horizon time Tn. however, application of the found
optimal operation rule was only for decision time interval Ti.
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Fr is the total volume of the flood in the period Ti in the above formulation, and is a
function of a number of variables such as gate operational policy (decision variables), the water
level at the detention reservoir h, rainfall amount and characteristics R, and other parameters
that were determined using flow routing and rainfall-runoff simulation model. Each objective
function (Equation 2.3 to 2.5) represents the SWMM simulation module of the model that must
be performed. G;j is the percentage of the gate openings that corresponds to water levels within
an interval [d;, dj+1) which was accounted via Equation 2.6 in which Z; is a binary number, and
P; is an integer variable that takes a value among [0, 10, 20, ..., 100%]. Ht is the reservoir’s
water level at which time t; which is a function of G;, the water level at the previous time step
(ht-1), and inflow discharge to the detention reservoir at the time t (Qin,t).

The aforementioned optimization problem was solved using the popular metaheuristic
harmony search (HS) algorithm. Trial runs of the HS algorithm for several flood scenarios were
computed to determine suitable values of optimization algorithm parameters.

SWMM was used to develop the simulation model of the system using the
aforementioned system’s characteristics, features and data collected by MG consulting
Engineers (MGCE, 2011a). The network was divided into two-sub models to reduce the
executing runtime (Jafari et al., 2019). In this manner, for each decision time, the downstream
sub-model was called for each function evaluation and the upstream sub-model was run just
one time. The model was divided into two sub-models based on the assumption that the gravity
flow is formed in the upstream model and, the inflow to the separated node is independent of
the performance of the gate.

The studied system (detention reservoir) contained eight openings, three sluice gates, and
operations that were crucial in flood reduction. The detention reservoir was considered to have
an allowable maximum water depth of 7.5 m which was separated into 15 discrete values with
0.5 m increments. Each discrete water level corresponded to decision variables that were
considered as opening percentages.

The following three operational scenarios were defined to investigate the importance of each
gate operation:

Scenario 1:

All the openings and gates were fully open all the time without the use of any control rule, and
this procedure is currently used in practice.

Scenario 2:

RTOP model was used to control sluice gates, but eight openings at an elevation of 4.5 m were
fully open without the use of any control rule.

Scenario 3:

RTOP model was used to regulate all openings and sluice gates. In other words, all the openings
and gates were assumed to be controllable in the system.

Efficient use of the system’s regulation capacity was influenced by the ability to regulate
all controllable elements in the system. Application of scenario 3 led to the optimal utilization
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of the reservoir capacity where excess water was temporarily stored, which can be later used
for other purposes such as irrigation of urban green landscape.

Additionally, partial control of the system (Scenario 2) compared with a fully controlled
case (Scenario 3) led to 17% increase in flood inundation.

2.17 Urban drainage systems with optimization based RTC
2.17.1 The case study of Norfolk, Virgina USA

The main objective of the study was to create an open-source implementation of MPC for
SWMM5 (Sadler et al., 2018). Since a computationally expensive metaheuristic approach was
required, an additional objective was performed to leverage parallel computing. The open-
source Python programming language was used in conjunction with SWMMS5 to accomplish
these objectives. A simplified use case study was utilized to evaluate the MPC implementation.
Comparison of results applied to the same use case study for three scenarios were conducted.
The three scenarios are namely: (1) No active control (passive); (2) Rule-based; and (3) MPC.

Three main Python libraries of the Python programming language viz: PySWMM,
Distributed Evolutionary Algorithms for Python (DEAP), and Scalable Concurrent Operations
in Python (SCOOP) can be used to design MPC implementation for SWMM5. The SWMM5
model which is written in the C programming language receives a python interface that is
provided by the PySWMM library. A SWMM5 model can be run step-by-step through
PySWMM so that the best control policy can be found at each control time step as this is a
critical functionality for MPC. An evolutionary algorithm of the DEAP library was used to
select the best control policy. The evolutionary algorithm can be executed through parallelizing
which is a function provided by the SCOOP library.

The Python MPC workflow (Figure 2-14) shows that system states are used from ‘reality’
for each control time step. The ‘reality model” simulates ‘reality” with a SWMM5 model. The
heads at each node and flows at each link in the system represents system states that are read
from the ‘reality model’. The ‘process model’ which is another SWMMS5 model captures these
states. An evolutionary algorithm in the DEAP library was used to select the practically
optimum policy. To achieve this, many simulations run must be executed in the process model
(one for each control policy) although they are computationally expensive. This process can be
parallelized using the functionality provided by the SCOOP library since the model runs are
independent. The evolutionary algorithm selects the policy which is then returned to the ‘realty
model’ and implemented. If the next step is executed, then the process repeats.



2-43

Reality Model Process Model Optimization Routine
P ey
Y Make copy of
Readsystem [ [ profmodel | | Setinial | || process mogel
states simulation time simulation file for each control
policy
» 4
“Increment (Evaluate control |
Simﬁ . policies
(EPASWMM) AR

1 AT
: Obtain best
Implement first control policy

step in control |- (Evolutionar
policy Al orithm)y
2 J

Figure 2-14: MPC workflow (Sadler et al., 2018)

To evaluate the MPC implementation, a simple use case motivated by an actual flood-prone
area in Norfolk, Virgina USA was used. The study consisted of a detention pond that was
upstream from a node at which flooding was to be minimized. An “orifice” structure in
SWMM5 which can have a setting between 0 (completely closed) and 1 (completely open) was
used to simulate the active control of the pond outlet. An array of settings between 0 and 1
were used for the control policies of the simplified use case, one setting for each control time
step in the control horizon. Settings were limited to be even tenths (e.g., 0.1, 0.2) to reduce the
number of possible controls setting to be evaluated by the evolutionary algorithm which is
computationally expensive. An arbitrary synthetic rainfall event was simulated. A control time
step of 15 mins was used in a control horizon of 6h. An evaluation of 8 generations and initial
generation population of 80 individual policies for the evolutionary algorithm were computed.
The control policies for the use case were evaluated based on the following objective in
SWMMS5:

Cost = aFg + BF4s + 0Dg (2.8)

Where Fj, is the total volume of flooding from the storage node in millions of gallons (1 gallon
=3.785 L), Fy; is the total volume from the downstream node in millions of gallons, and Dy, is
the average deviation from a target level for the detention pond in feet (1 foot in this case) (1
foot = 0.3048 m). The a, B and 0 values are weight coefficients. The values used for the study
were 100, 100, and 0.05, respectively. These chosen values aimed at adding more weight to
flooding than deviation from the target level at the storage unit.
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The use of multiple processing cores through the SCOOP library and MPC implementation
were successful at running as described above. The control policy resulting from the MPC in
the evaluation use case reduced 0,05 million gallons of flooding compared to 0,01 million
gallons of the passive control scenario at the downstream node. In addition, the rules-based
approach was not able to maintain the depth at the storage node closer to the target value,
something the MPC policy was able to accomplish. The performance of the rule-based and
MPC approach were able to retain water in the detention pond efficiently than the passive
control approach that could later be used for irrigation purposes.

The development, implementation, and evaluation of an open-source for MPC for the
United States Environmental Protection Agency’s (EPA) Stormwater Management Model
(SWMM) was achieved through Python programming language and key Python libraries for
step-by-step running of the model, parallel computing, and use of evolutionary algorithms. The
resulting control policy of the MPC implementation significantly reduced flooding in
comparison to the no active control (passive) scenario for the simple, simulation use case. MPC
for any control in a SWMMS5 model can be performed using the MPC implementation
described above, could be a useful tool in understanding the potential utility of smarter
stormwater systems. Adjustments of weights in the objective function and ensuring consistency
between the reality and process model by taking advantage of SWMMS5’s hotstart file
capabilities, are open for future improvements.

2.17.2 Simple case study of two retention basins and sub catchments

The software framework BlueM.MPC was developed for the case study (Heusch & Ostrowski,
2011). The scope of the study implemented the software BlueM.Opt (Muschalla et al., 2009)
which uses various optimization algorithms. The following algorithms were implemented:
solving real valued problems using an evolutionary algorithm (Muschalla, 2006) including
multi-threading capacity; solving real valued problems using a hill-climbing algorithm (Hooke
& Jeeves, 1961); solving global optimization using a hybrid evolutionary algorithm as an
evolutionary strategy; and solving local optimization using a hill-climbing algorithm including
multi-threading capability (Kerber, 2009), and an n-dimensional continuous global
optimization algorithm known as the dynamically dimensioned search (DDS) (Tolson &
Shoemaker, 2017).

Evolutionary algorithms have a particular advantage due to their ability to make use of
parallelization features (Heusch & Ostrowski, 2011). MPC applications in computers seems to
be a particularly promising feature as latest developments in computers have shown that
standard PCs can include several CPU cores.

SWMMS5 was integrated as a process model with the focus on the application of dynamic
flow routing models within MPC systems. Practitioners, researchers, and many datasets that
are already available recommend SWMMS5 as a reliable software.

The setup and workflow of BlueM.MPC is depicted in Figure 2-15. information for the
control time step and for the durations of three horizons was provided for the application of the
MPC module. The same workflow applied to every control step once the control process
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started. A dynamic link library (SWMM.dII) or an executable (SWMM5.exe) was used to
simulate the optimization module that generates SWMM5 datasets. Simulation results were
taken either by analysing time series data or from the resulting report file. The optimization
module which consequently generates a new dataset to continue with the optimization process
was used to evaluate the results. This approach strictly separates optimization modules and
hydrodynamic simulation. It is a derivative-free optimization method (black box optimization)
since it is not based on numerical derivations of the dynamic flow equations.

Calculations with a simple case study were performed to confirm the functionality of
BlueM.MPC. The system contained two retention basins and two sub catchments. The two
retention basins consisted of an upper and lower basin. The upper retention basin outflows were
controlled. Definition of the objective function consisted of overflow minimization from both
storage basins. The system was forced to empty the basins whenever possible by applying
additional penalty functions for stored volumes. DDS algorithms were used for the results
obtained. The same results were obtained through the use of other optimization algorithms,
which led to the conclusion that a simple case study cannot be used as a basis to judge the
strengths and weaknesses of the particular algorithms.

Even though the overall system contained only minor control potential for the water
levels, the study showed the functionality of the MPC system from both basins. The water
levels at the beginning of the simulation period for both retention basins demonstrated the
system’s functionality where excess water was temporarily stored, which can later be used for
other purposes such as irrigation.

Additionally, the water levels in the upper basin were kept low by filling the lower basin
using the MPC functionality system, for smaller overflow volumes to occur. For the total
simulation period, the MPC system decreased overflow volumes at approximately 3% which
is adjacent to the theoretical maximum decrease.

In conclusion, the study utilized SWMMD5 which is a public domain and widely used
distributed dynamic rainfall-runoff model to simulate the non-linear dynamics of the urban
drainage system. The non-linear dynamics were simulated as an “opaque” model meaning that
the model did not consider the mathematical form of the governing equations to evaluate the
control policies. The approach precluded the possibility of guaranteed optimality (like using
metaheuristic such as an evolutionary algorithm to find a “practical optimum™), but the non-
liner dynamics of the system were maintained. Although the study developed software that
implements MPC with SWMMD5, the approach had some drawbacks including the availability
and sustainability of the software which was closed source and is no longer available.
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Figure 2-15: Setup and workflow (Heusch & Ostrowski, 2011)

2.17.3 Ann Arbor, Michigan urban headwater catchment

A choice must be made with respect to the spatial scales at which real-time control technologies
will first be implemented and analysed when retrofitting urban watersheds (Wong & Kerkez,
2018). The study contends the scale of urban headwater catchments should be the focal point
at which real-time control strategies are analysed. These sub-catchments usually cover an area
of up to 5 km? and can be found in most suburban and urban communities, large and small
(Emerson et al., 2005; Lee et al., 2012; Zhen et al., 2004). Overall, a number of practical and
fundamental factors motivated the choice to focus on this scale (Wong & Kerkez, 2018).
Fundamentally, smaller-scale systems first have to be analysed and understood for the
scalability of real-time watershed control (Lee & Bang, 2000). The control of smaller
catchments will ultimately underpin the control of larger watersheds if feasible at these scales
(Wong & Kerkez, 2018).

Practically, valves should be added one-by-one or as controlled clusters rather than
retrofitting an entire city with control valves all at once. Decisions to upgrade or build
stormwater infrastructure are often driven by new commercial or residential development
projects in the United States which impacts flows at the scale of local stream and pipes network
(Grigg, 2012; Kessler, 2011). Given the recent emphasis on distributed stormwater
management, these measures often include basins, ponds and wetlands at precincts,
neighbourhood, subdivisions and commercial complex (Wong & Kerkez, 2018). Rainfall
forecasts were integrated with real-time control for the since the study covered an area of 4
km? as most existing gage and radar rainfall products are offered at 1-5 km?.

Coupled hydrologic-hydraulic approach are used to simulate most modern
physicallybased models of urban watersheds such as EPA’s Stormwater Management Model
(Gironas et al., 2010), where hydrologic dynamics such as infiltration and runoff, are
represented via empirical or physical sub-models. Nonlinear Saint-Venant equations for
shallow flow are typically used to model flows which are subsequently routed using a hydraulic
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engine (Rossman, 2010). The application of formal control and optimization approaches
becomes intractable due to the high degree of detail, complexity and nonlinearities inherent in
these models (Wong & Kerkez, 2018). Fortunately, perfect models are not necessary to achieve
desirable control outcomes for many complex control systems such as those on factory
processes and autopilots (Schitze et al., 2004). A control model that approximates the dynamic
dynamics of the underlying system for model-based controllers such as model predictive
controllers and linear quadratic regulators is often sufficient as long as it satisfies stability
criteria since the actual control actions will often steer the system back into domains where the
approximations hold true (Francis & Wonham, 1976). This is often achieved via linearizing
the system dynamics around desired setpoints (e.g. flood stages, flows, etc.) in feedback control
after application of modern control techniques (Wong & Kerkez, 2018). Examples of
approximated models for the specific control of water flows in canals and pipes included linear
tank models (Ocampo-Martinez et al., 2013), Muskingum (Gill, 1978), reduced Saint-Venant
(Xu et al., 2011), integrator delay zero models (Litrico & Fromion, 2009) and the integrator
delay (Schuurmans et al., 1995).

A state-space representation of the hydraulic dynamics as an integrator delay model
(Schuurmans et al., 1995), was used as an approach to simulate the control model for the study.
Xu et al (2011) focused on the use of this representation for control of water levels in irrigation
canals that are connected in series. However, there is no clarity on the efficiency of the use of
this formulation for stormwater system control as it presents additional complexities for urban
watersheds (Wong & Kerkez, 2018). These included the need to accommodate complex and
interconnected infrastructure topologies (parallel storage nodes or treelike networks), and
hydrologic effects (antecedent moisture, runoff, etc.) as well as rainfall. The choice to adopt
this approach was based on the expectation it was to sufficiently capture shallow-water and
hydrologic flow dynamics to enable feedback control. Most importantly, however, the
watershed physical features which include the distance between storage nodes and their curves
can be used to fully parameterize the matrix-based representation. Prior studies have shown to
be very cost effective and ubiquitous on this formulation which only relies on water level
measurement for implementation (Bartos et al., 2017; Wong & Kerkez, 2014). The integrator
delay model for the study conceptualized an urban watershed as a system of interconnected
storage nodes (Figure 2-16a) as a linearized state-space representation (Wong & Kerkez, 2018).
The approach of the study used a linear-quadratic regulator (LQR) once the linear
representation of the catchment was formulated, to set the outflows from each controllable
storage node for any given timestep (Figure 2-16b). The approach compared the input of the
desired system states such as height at each storage node to the corresponding heights
throughout the actual system, and then pushed the system toward these desired setpoints by
calculating the necessary outflows at each controlled node.
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Figure 2-16: Graphical representation of (a) an integrator-delay model and (b) the
block diagram of the feedback controller (Wong & Kerkez, 2018)

Linear-quadratic (LQ) control is a matrix-based, closed-loop feedback control method that
aims to accomplish desired setpoints through incorporation of open-loop dynamics (Malaterre
& Baume, 1998). LQR is suitable for real-time control which makes it possible to run even on
modern microcontrollers since the matrix computations are relatively fast (Wong & Kerkez,
2018). LQR minimizes a quadratic cost function that uses a control input based on the latest
sensor measurements to control a linear dynamic system (Dorato et al., 1995).

Many studies often use the linear models they are based on to evaluate the performance
of control algorithms (Wong & Kerkez, 2018). However, it may give the impression that the
controller performs better than it actually would in the real-world if this simplified linear model
does not adequately capture the physical hydraulic-hydrologic dynamics. The approach of the
study applied the linear controller to a physically-based model to address the above concern.
In this fashion, the physically-based model reflected what could be expected reality whilst the
linearized model was used to make control decisions.

The US Environmental Protection Agency (EPA) Stormwater Management Model
(SWMM) was used to evaluate the control performance. The SWMM model was not designed
for system-level control algorithms such as the one in this study although it provides
rudimentary control rules (e.g. site-scale water level control) and a powerful simulation engine.
To that end, a customized modelling framework that uses the SWMM engine was implemented
to execute the model in a stepwise fashion n (Mullapudi et al., 2017; Riafio-Bricefio et al.,
2016). The model was halted every timestep after which the states was extracted and an external
logic module (an LQR controller for the study) was used rather than running the model for the
duration of an entire system to set the states of valves and gates across the entire system (Wong
& Kerkez, 2018). The control input was updated every five minutes or simulation steps to more
realistically match the sampling frequency of sensor nodes whilst the routing step in the
SWMM was set to five seconds.

The framework of the physics engine which is written in the C programming language is
implemented as a stand-alone library provides a wrapper to SWMM with popular and modern
languages including Matlab and Python. This requires no need to implement the controller in
the original SWMM maodel itself because the framework allows for the seamless interaction of
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control libraries and modern computational with the physically-based modelling of SWMM.
More importantly, implementation of this methodology does not necessarily depend on
SWMM. SWMM s instead used as an evaluation engine for the controller. This, in fact, is
much more comprehensive than most control approaches that uses the simplified linear model
to evaluate a control algorithm that the controller is based on.

A 4 km? catchment in Ann Arbor, Michigan was used to evaluate the proposed control
approach which was being retrofitted for real-time control. This particular catchment called for
improved means to reduce flows at the outlet of the watershed as it has been of interest to local
officials due to stream erosion (Lawson et al., 2017, Pratt, 2016). The catchment consisted of
11 storage basins with variation in volume from 370 m? to 32000 m® (Wong & Kerkez, 2018).
The city managers provided a calibrated SWMM model of the catchment reflecting the up-to-
date knowledge of the real system. For representation of valves, each storage node in the model
located at the bottom of the storage node was retrofitted with an adjustable 0.1 m? orifice. All
conduits between storage nodes were circular in geometry ranging in length from 40 m to 400
m and Manning roughness coefficient of 0.01, and each orifice had a higher invert elevation
than the overflow height of all downstream storage nodes. The choice to use this modelled
catchment as a case study reduces one element of uncertainty when conducting the initial
evaluation of the proposed control algorithm for managing stormwater runoff due to the
catchment’s low baseflow and limited influences of groundwater effects (HRWC, 2013). The
soil types are some type D and largely type C according to USDA and USGS soils data and the
soil infiltration in the subcatchments were modelled using the Green-Ampt model (Rawls et
al., 1983). CDM Smith (2015) last calibrated the model in 2015. A linear model was formulated
from the SWMM model and the model was simulated at a five second resolution, control
actions were constrained to five-minute windows to be consistent with the control and sensor
networks currently being deployed (Wong & Kerkez, 2016a).

The modelled catchment which corresponded with the time period during which the
SWMM model was calibrated was evaluated under rainfall data collected from April 1 to
December, 2013 (CDM Smith, 2015). A long-term simulation offers additional insight into
performance under rainfall variability as opposed to using individual events by allowing initial
model conditions to settle toward realistic values throughout the duration of the simulation
(Gironas et al., 2009). Long-term rainfall data served as the rainfall timeseries for each of the
simulation which were sampled at a five-minute resolution (Wong & Kerkez, 2018). The
control algorithm was feedback-based rather than predictive which means that current
conditions were used for control decisions and not subjected to weather uncertainty.
Nonetheless, an additional analysis was carried out to evaluate performance under uncertainty
by injecting virtual sensor noise into the water levels retrieved from the physically based model.
Noise levels were parameterized based on water level sensors sampled at each timestep from a
standard deviation ¢ = 2.5 mm and Gaussian distribution of mean zero. The realistic noise
levels were amplified by 5 and 10 times to investigate the impact of two larger noise levels,
this was done to evaluate the robustness of the algorithm under high levels of measurement
uncertainty.
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A baseline was first established by assessing the response of the uncontrolled system to
a relatively small event (2-year, 24-hour storm) to evaluate the performance of the LQR-based
feedback controller. During this storm, the peak flows in the catchment reached 0.3 m%/s at the
outlet and there were no overflows at any of the storage nodes. It was then evaluated if during
larger events, the controlled system could reach the same baseline performance. However, it
would be over design for an infrastructure designed for 100-year, 24-hour events that can
perform efficiently for a 2-year, 24-hour storm. This was intended to reflect the benefits of
retrofitting existing infrastructure with valves and gates for coordination when operated to limit
flows and improve the use of existing storage throughout the network rather than continuing to
build bigger storage nodes or dig up pipes.

On average, the LQR based control approach outperformed the uncontrolled system
when all the storage nodes (SNs) were controlled both at the scale of the individual sites as
well as the watershed outlet. Specifically, only one SN had an overflow event and outflows at
each SN did not exceed the critical flow level of 0.3 m3/s when evaluated on a 10-year, 24-
hour. The outflow hydrographs from the controlled sites exhibited dynamics with lower flows
over longer period of time, whereas the outflows of the uncontrolled SNs exhibited the familiar
hydrograph shape with a distinct peak and recession period. Hence, water was held within the
SNs so as to not exceed the outflow threshold which resulted in longer retention times.

2.18 Summary of literature review

Increased water demand for consumption and occurrence of drought alongside growth of urban
population lead to water scarcity. Water crises in many countries around the world has led to
various investigation of non-traditional water sources such as stormwater for the supply of non-
potable water demands including inter alia garden irrigation and/or toilet flushing (Mitchell,
et al., 2008). Stormwater harvesting (SWH) is the collection, storage, and use of runoff from
urban surfaces such as roads and drains that would otherwise drain to a water body (DECNSW,
2006; O’Connor et al., 2007; NRMMC et al., 2009a; Akram et al., 2014). Challenges with
respect to resource shortages, environmental degradation and water management are evident
in a developing country such as South Africa (RSA) (Kok & Collinson, 2006; Turton, 2008;
DEA, 2010; UNEP, 2010; RSA, 2011a, 2011b; Fisher-Jeffes et al., 2012; DWA, 2013). Fisher-
Jeffes (2015) found that although there was significant climate variation across South Africa,
SWH had the potential to reduce the total residential potable water demand of the Liesbeeck
River Catchment in Cape Town. The performance of SWH systems can be improved through
the application of Real-Time Control (RTC). RTC is generally defined as using collected data
and monitoring the function of a system for optimal performance by controlling certain aspects
of the system (Schutze et al., 2004). Extensive investigations around the RSA for
implementation of alternative water resources including, inter alia, desalination facilities,
exploiting aquifers, raising dam walls and new dams have been considered. However, only
Rohrer & Armitage (2017) and Okedi (2019) have considered the application of Real Time
Control (RTC) to enhance stormwater harvesting as a viable resource in the context of South
Africa. In this study, the various case studies in literature were used to develop the concept
required to assess the performance of SWH with RTC configurations. The assessment was
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undertaken with model simulations using data based on rainfall forecast in Cape Town. Rainfall
forecast was used to initiate pre-storm release in real-time to enable the enhancement of SWH
performance with RTC configurations. The two RTC configurations (RTC-1 and RTC-2) used
for the study are reactive i.e., based on existing conditions, and locally implemented using
PySWMM.

Table 2-3: Summary of comparison of salient features of the urban drainage system
case studies and methodology adopted for the study

Urban drainage systems Salient features Publication derived

Diep River sub-catchment Pumps, outlets, multiple ponds Rohrer & Armitage (2017)

Quebec City catchment Outlet gate, detention pond Gaborit et al (2013)

Tehran drainage system Openings, sluice gates, detention | Jafari et al (2019)
reservoir

The case study of Norfolk, Virgina, | Orifice, detention pond Sadler et al (2018)

USA

Simple case study of two retention | Outlet, two retention basins Heusch & Ostrowski (2011)

basins and sub-catchments

Ann Arbor, Michigan urban | Valves, sensors, multiple storage | Wong & Kerkez (2018)

headwater catchment basins

The UCT watershed Sensors, actuated valves, dam This study
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3 Methodology

3.1 Overview

In this study, the prospects for RTC techniques to enhance stormwater harvesting (SWH) based
on rainfall forecast were investigated using the University of Cape Town (UCT) dam. Various
RTC techniques explored as discussed in the literature review and potential to enhance the
efficiency and functionality for SWH was determined. Section 3.2 presents the study area and
model development. Section 3.3 discusses data acquisition including inter alia catchment
topography, soil infiltration, rainfall, evaporation, and water demand. Section 3.4 highlights
the stormwater model construction. Section 3.5 presents the calibration processes undertaken
and Section 3.6 comprises of static simulations. Section 3.7 features simulations of a Real-
Time control retrofit. Section 3.9 highlights the economic analysis such as the LCCA while
section 3.10 details the summary of the method. An overview of the method is presented in
Figure 3-1.
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« Water demand Output:

» Capital costs 1. Volumetric reliability (%)

» Maintenance costs 2. Equivalent annualised cost (ZAR)

« Operation costs 3. Unit cost of harvested stormwater
- / (ZAR/K)

Figure 3-1: Conceptual framework for the adopted research approach

3.2 Study area

Two main considerations for the selection of a suitable catchment to used in the study were
based on the availability of data to model the hydrological processes and storage required for
the economic exploitation of SWH through RTC. The City of Cape Town (CoCT) is situated
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in the south-western part of South Africa (Figure 3-2) whilst the UCT dam is located in the
western part of CoCT (Figure 3-3).

N

W<¢E

[ ] south Africa
- Cape Town

155 310 620 Kilometers

® UCT dam

I:' Cape Town 0 5 10 20 Kilometers
p [ |

Figure 3-3: The UCT dam in Cape Town
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Mediterranean climate such as mild, wet winters and dry, warm summers are prevalent in the
CoCT (Rohli & Vega, 2011). WMO (2014) states that the average rainfall in the CoCT is 515
mm/yr; however, the presence of mountainous topography within the City’s boundaries results
in high variable rainfall and evaporation across CoCT. The UCT watershed which is located
within the Liesbeek River Catchment is affected by the presence of the Peninsula Mountain to
the west. The Liesbeek River Catchment is characterized by an annual average precipitation
and evaporation that varies from 600 to 1500 mm/yr and 1150 to 1550 mm/yr respectively
(Fisher-Jeffes, 2015).

3.3 Model development

The UCT dam and associated catchment was chosen to represent a typical storage reservoir
used for irrigation. The catchment area is about 0.33 ha, of which 98% is pervious, with a land
use composed of an open greenfield area. 100% of the catchment drains into the UCT dam with
a storage capacity of 47500 m? and a surface area of 0.82 ha (Figure 3-4).

Legend
{ W UCT Dam

—— Flow direction
= Conveyances

D Study Watershed

f /| Drains to UCT Dam

Figure 3-4: The UCT watershed

EPA SWMM 5.1, an open-source program for hydraulic and hydrologic simulation from
the U.S. EPA (Rossman, 2015), was used to model the rainfall-runoff mechanisms in the study
area. SWMM is commonly used for RTC simulations as control algorithms can be applied
externally via a programming wrapper or programmed directly into the model as described in
various studies such as (Joksimovic & Sander, 2016; Gaborit et al., 2016, 2013; Goodman &
Quigley, 2015; Muschalla et al., 2014; Degrave et al., 2013; Heusch & Ostrowski, 2011; Wong
& Kerkez, 2018) discussed in the literature review. The default SWMM Runoff method was
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used to model the runoff (Rossman, 2015). A dynamic wave routing of conduit lengthening
and routing time step of 15 seconds, each; was used to represent the hydraulics of the system.

3.4 Data acquisition

To model the various aspects of a stormwater harvesting system, substantial amount of data
was required. For modelling process, the following was acquired:

o Catchment topography
o Soil Infiltration data

o UCT dam

o Rainfall data

. Evaporation data

o Water demand

3.4.1 Catchment topography

Digital Elevation Model (DEMs) with a spatial resolution of 10 m was obtained from the City
of Cape Town (CoCT) to accurately represent the catchment topography. A DEM is generally
described as a geo-referenced data set, that allows to encode the topography for environmental
modelling purposes (Toz & Erdogan, 2008). In the last 20 years, DEMs have become a widely
used tool in various disciplines such as land planning, hydrology, and remote sensing. DEMs
aid in better interrogating and visualizing features. In addition, a DEM that has adequate
resolution can represent complex terrain units and are directly compatible with remotely sensed
data sources. The DEM obtained from the CoCT represented the height above mean sea level
of the water surface rather the ground surface, and this resulted in limitations for the channel
section computation.

3.4.2 Soil Infiltration data

To model infiltration component which occurs when stormwater runoff flows over pervious
surfaces reducing the volume of runoff (Mitchell et al., 2007), it was necessary to assess the
soil properties of pervious the areas in the catchment. Green-Ampt infiltration model in
SWMM 5.1 was used to model infiltration as the model requires soil parameters, which are
widely available in literature. The study determined appropriate soil parameter values from
literature such as James et al. (2010).

Borehole logs of the New Lecture Theatre and New Engineering Building of the
University of Cape Town produced by Kantey & Templer consulting engineers were used to
identify the soil conditions (Upper soil type zones) of the watershed. As the Green-Ampt model
determines infiltration that occurs in the upper soil zone, the borehole logs were useful in
estimating infiltration parameter.



3.4.3 UCT dam
Information that detailed the infiltration parameters, outlet structures and storage capacity were

required. This infiltration was derived from sources which included: a report on the UCT dam;
and as-built drawings of the UCT dam. The storage capacity of the dam was modelled using a
storage curve (depth versus area) as shown in Table 3-1 in SWMM 5.1. The storage curve of
the dam were generated in the following:

o The maximum depth of the dam was determined from the as-built drawings
o The storage curve was developed from the storage volume below the dam’s maximum
depth using a report produced Zutari (2020).

The information provided by the as-built drawings were used to model the outlet structure
of the UCT dam. The as-built drawings provided information on the type of outlet structure
and dimensions. The discharge coefficient of the outlet structure was estimated from literature
by Xu et al. (2018).

Table 3-1: Depth — Area curve

Depth (m) Area (m?)
1.5 7
2.5 113
35 346
4.5 707
55 1195
6.5 1810
7.5 2552
8.5 3421
9.5 4418
10.5 5542
11.5 6841
12.5 8200

3.4.4 Rainfall data
Mitchell et al. (2008) recommends that when analysing a continuous simulation of a

stormwater system, a rainfall time series of ten years should be minimum length of rainfall.
Mitchell et al., (2008) further states that accurate estimates of performances indicators,
particularly (described in Section 2.5) are produced using longer rainfall records, whilst
significant estimation inaccuracies could be produced with shorter records (e.g., one- or two-
years length time series). When analysing a stormwater harvesting system, the chosen time-
step is important. Coombes & Barry (2007) found that stormwater yields were significantly
under-estimated for simulations that used daily time-steps instead of six-minute time-step.
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Five-minute time-interval data is preferred, as it accounts for response time of the smallest
subcatchments for continuous simulation models: however, fifteen-minute or hourly time-
interval data can be used to produce acceptable estimations.

Historical rainfall data (5-min time-interval) from 2015 to 2022 was obtained from the
South African Weather Services (SAWS) that monitors the Kirstenbosch station in Western
Cape. Unfortunately, the rainfall record that was obtained for the study did not match the level
of detail recommended by Mitchell et al. (2008) and Coombes & Barry (2007).

3.4.5 Evaporation data
For this study, it was necessary to model evaporation which incurs water losses from the

system. As there was no operating evaporation gauging station positioned within the UCT
watershed, it was not possible to obtain evaporation data. As a result, SWMM 5.1 which derives
evaporation totals using Hargreaves’s method was used to compute daily evaporation data. The
Hargreave’s method is an empirical equation that computes evaporation totals using
temperature. Satisfactory results have been evident using this method (Xu & Singh, 2001; Allen
et al., 2006). Hence, historic temperature data (daily time-interval) from 2015 to 2022 was
obtained from the Kirstenbosch station.

3.4.6 Water demand
Availability of data on the use of water for irrigation at UCT is limited. The UCT dam is only

used to irrigate the soccer fields on Lower Campus, cricket fields on Middle Campus and rugby
fields on Upper Campus (Figure 3-5). Historically, the storage volume of the dam has met the
sports field irrigation demand (Zutari, 2020). However, this had to be augmented with
municipal potable water in recent years (during drought) as the yield of the dam could not meet
demand. This was not surprising as Cape Town was affected severely by the drought.
Estimations of irrigation demand were based on an irrigation demand model (Table 3-2).
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Approximate
Irrigation Pipeline
route

Approximate
Pump Station
location

Figure 3-5: Proposed irrigation pipeline route and pump station location (Zutari, 2020)

Table 3-2: UCT Campuses Status Quo Results (Zutari, 2020)

B s Anmual  SPorts Field
C:::::s students demand Demand Ir[r;?l.::;?n Municipal :::g:‘:l'g';
and staff on excluding excluding Demand Dam (ML/a)
Campus* irrigation (L) irrigation (ML) (ML/a)
Upper 21,404 12 o951 12.71 107.82 21.47
Campus
Middle 3,241 12 14.05 97 2375 1012
Campus
Lower 797 12 359 1763 2122 10.04
Campus
*(':'ddingh 1,595 12 719 100 8.28 0
ampus
Medical 5,584 1 23205 1.36 24 .41 0
Campus
GSB 1,004 ) 135 0.62 3.97 0
Campus
Total 33,625 14634 4311 180.45 4247

* Assuming all staff and students attend campus 100% of the time. Staff and students are likely not to attend

campus 100% of the time therefore per capita demand is likely to be -20L per person per day.

** UCT ¥Year in Review 2018
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3.5 Stormwater model construction

The hydrological catchment (the UCT watershed) was delineated using 4rGIS’s watershed
tool. This tool determines the entire contributing area upstream of the drainage outlet by
specifying the common drainage outlet using a DEM — described in Section 3.3.1. In addition,
the UCT watershed comprised of smaller contributing areas (sub-catchments) that were
identified using the watershed tool in ArcGIS (ESRI, 2016a). The UCT watershed was then
divided into 31 sub-catchments (Figure 3-6). The stormwater conveyance network of the
watershed consisted of open natural channels. The DEM used incorporated stormwater
channels; the dimensions of section profile were determined using the ‘3D — Analyst profile
graph’. Then, the dimensions were incorporated into SWMM ‘s ‘transect creator’tool.

Gener al Dates Time Steps Dynamic Wave Files General Dates Time Steps  Dynamic Wave Files
Process Models Infiltration Model Days Hr:Min:Sec
[ Rainfall/Runeff (O Horton Reporting Step ) s 00:05:00 |
O Runoff Step: = =
) Modified Horton F 0 100:( |
Dry Weather = 01:00:00 9]
@) Green-Ampt Runoff Step: ° - 01.00 |
Wet Weather 24 00:01:00 =
; 2 Modified Green-Ampt I ~|
[ Flow Routing Control Rule Step 00:00:00 &1l
() Curve Number
Routing Step (seconds) 15
Routing Model Routing Options Steady Flow Periods
O Steady Flow 4] Allow Ponding [~] Skip Steady Flow Periods
O Kinematic Wave Minimum Conduit Slope System Flow Tolerance (%) |s =
o | ¢ 3 -
@) Dynamic Wave ¢ (%) Lateral Flow Tolerance (%) (s s

General Dates Time Steps Dynamic Wave  Files

= &2 2 e
Inertial Terms Dampen
Normal Flow Criterion Slope & Froude
Force Mamn Equation Hazen-Williams
Surcharge Method Extran
[4] Use Variable Time Steps Adjusted By |75 =
Minimum Variable Time Step (sec) (0.5
Time Step For Conduit Lengthening (sec) 15
Minimum Nodal Surface Area (sq. meters) 12.566
Maximum Tnals per Time Step :3 X
Head Convergence Tolerance (meters) [0.005
Number of Threads 1
Apply Default

Figure 3-6: SWMM Simulation Options and Map

3.6 Calibration

A substantial amount of parameter estimation was required to model both the hydraulic and
hydrology capacity of a catchment as this is evident from the preceding sections. Data on the
catchment conditions were used to derive appropriate parameters; however, to provide the most
‘useful” representation of the catchment, it was essential to calibrate these parameters (Sangal
et al., 1994; Singhofen, 2001; James, 2005). Several techniques have been developed to
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optimise the calibration process of a stormwater model such as: Nash-Sutcliffe efficiency
(NSE), per cent bias (PBIAS), and the Root Mean Square Error (RMSE) according to Moriasi
et al. (2007). To reasonably estimate the harvestable stormwater volume, a hydrological model
was developed and calibrated. The stepwise calibration was as follows:

The rainfall data measured at five-minute time intervals was used for the model
development and calibration to represent the rapid runoff processes that result in short
response times in urban catchments. The water level data for the dam required for
calibration and validation processes was limited to 10 June 2022 to 7 August 2022 taken
at fifteen-minute interval with no observed values from 2 to 15 July 2022. The water
level data was obtained using water depth sensors courtesy of a fellow master’s student
(Roberto De Oliveira) The simulated values as seen in Figure 3-7 gives a representation
of the behaviour of the actual conditions for the period with no observed values which is
from 2 to 15 July 2022.

Calibration was based on water levels taken from 28 to 30 July 2022 while validation
was performed from 10 to 17 June 2022 as seen in Figure 3-8 and Figure 3-9. Figure 3-
8 estimates high and low phenomena based on either an underestimation or
overestimation of the catchment hydrological parameters while Figure 3-9 shows a
validation period that results in NSE > 70% which is reasonable.

The water levels were found to be the most sensitive to saturated hydraulic conductivity.
Parameters in SWMM such as depth of depression storage for impervious surfaces
(DStore — Imperv), depth of depression storage for pervious surfaces (DStore — Perv) and
Manning’s n for pervious surfaces (N — Perv) which were found to be sensitive according
to various studies were not calibrated (Jewell et al., 1978; Zaghloul, 1983; Liong et al.,
1991; Tsihrintzis & Hamid, 1998; Barco et al., 2008).

Visual inspection was used to select suitable values for the sensitive parameter by trial
and error to achieve mimicry between model and observed water levels.

The calibrated parameter conformed to acceptable range defined by James (2005).
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Figure 3-9: Observed and simulated water levels (validation period)

Nash-Sutcliffe values of 0.74 and 0.91 respectively for calibration and validation periods were
computed according to Gaborit et al. (2013). Schmitt et al. (2020) computed NSE values 0.91
for both calibration for certain events. In addition, Moriasi et al. (2007) recommends that model
calibration provide reasonable results when NSE > 0.5. The summary of the results from the
calibration process including runoff quantity continuity error and flow routing continuity error

are shown in Table 3-3.

Table 3-3: Calibration and validation results of water levels

Observed vs Calibrated

Observed vs Validation

Nash Sutcliff Efficiency 0.74 0.91
Runoff quantity continuity error -0.003

(%)

Flow routing continuity error (%) 3.75

Highest continuity error at nodes Node 12 (4.26%)

3.7 Static control simulations

Two static control configurations were applied to the UCT dam viz: static control 1 and 2 (SC1
and SC2) in SWMM 5.1. SC1 (baseline scenario) is a procedure that is currently in practice
and, SC2 the recommended improved static practice assuming that the stormwater system can
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adequately convey runoff into the dam and dredging undertaken to remove sediment and
maximise storage. SC1 shortfall is that when the dam falls below a depth of 6m, the UCT
management uses municipal water which is costly to irrigate the fields. Additionally, Zutari
(2020) states that it is uncertain as to what the long-term sustainable yield of the dam is. The
orifice is only opened between 08h00 and 13h00 for irrigation of the sports field for both
configurations.

STATIC CONTROL 1 (SC1):

If Simulation clocktime > 08:00:00
And Simulation clocktime < 13:00:00
And 6m <= UCT dam depth <= 12.5m
Then Open orifice to meet demand

Else close orifice

STATIC CONTROL 2 (SC2):

If Simulation clocktime > 08:00:00
And simulation clocktime < 13:00:00
And 3m <= UCT dam depth <= 12.5m
Then Open orifice to meet demand

Else close orifice

3.8 Simulations of a Real-Time Control Retrofit

The simulation of RTC for SWH in the UCT watershed considered actuator settings, control
rules and rainfall data. Rainfall forecast data used for RTC application for the study was
acquired from the Global Forecast System (GFS) model managed by the National Centre for
Environmental Prediction (NCEP). Global forecasts of up to two weeks prediction can be
provided by a GFS model in a spatial form (described in section 2.3). A six hourly temporal
resolution of a rainfall forecast time series provided by the NCEP was used for the study. The
available GFS forecast data in the study area at latitude 34° 00' S and longitude 18° 31' E were
extracted for the period 2015 — 2022 for RTC simulations. The extracted GFS forecast data
was compared with measured data as shown in Figure 3-10. The measured data was extracted
at latitude 33° 59' S and longitude 18° 25' E. It was determined that there were some differences
in the magnitude of the events and the timing of the peak (shift in peak times). In addition,
some peaks in recorded data were 40% higher than GFS data due to poor quality of forecast.
The disadvantage of an underestimation in the forecast would be no release from the storage
(UCT dam) with subsequent occurrence of a flood. The quality of forecast can be improved by
implementing forecast with smaller time-steps (i.e., five or fifteen hourly temporal resolution)
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and forecast revision for better water management in the context of South Africa. Forecast are
revised when the difference between the actual conditions and forecast are such that public
safety and security are at risk and/or when inconvenience to the public is thought to be
extensive. In addition, precipitation should be accounted when the chance of precipitation is
equal to or greater than 30 per cent.
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Figure 3-10: Comparison of GFS and measured rainfall data (NOAA, 2022; SAWS,
2022)

PySWMM which is a Python programming language package that allows for the step-wise
observation and modulation of SWMM models as they execute, was used in the study to
simulate Real-Time control of the test watershed model (McDonnell et al., 2016). In the
SWMM model, PySWMM tools have the ability to observe and manipulate nearly any
parameter; however, only data that could be feasibly monitored in a real-world application was
used for RTC application to create a realistic scenario (Schmitt et al., 2020). The model was
set up with the listed components required to dynamically manage storage as recommended by
the study:

o Depth sensors in the UCT dam
o Actuated valves in the UCT dam outlet

o Rain gauge (one for entire test watershed)

The depth sensors were housed in an IP64 compartment which is waterproof as a
protective measure to ensure that the sensors were not damaged during typical flood flows.
Real time data was captured from the sensors to the server via LoRa network and then
processed using Things network and Things speak. A 5-minute time step was used to execute
the control algorithm, which maintains a realistic interval to receive and transmit data and
control commands whilst allowing for adequate temporal resolution (Bartos et al., 2017).
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PySWMM interrupts the SWMM simulation and retrieves the relevant measurements
(precipitation, current depth, etc.) at the aforementioned interval (Schmitt et al., 2020). The
control algorithm was fed this information, to decide on the opening’s percentage for the UCT
dam outlet valve. The actuator was set to the required position by PySWMM, and the SWMM
simulation continues until the following time step. Real-Time control of the UCT dam outlet
valves was simulated through the application of RTC-1 and RTC-2 algorithms as shown in
Figure 3-11 and 3-12. The primary objectives of RTC-1 and RTC-2 algorithms were to improve
the performances of SC1 and SC2 respectively.

casure depth s ) YES YES
Measure depth and 6<=Depth<=125 [———M WlRO>VblEx Open 100%
recent RF

NO NO
Do Mothing Meet demand

Figure 3-11: RTC-1 algorithm, executed every five minutes. RF = rainfall. Vol RO =
volume of runoff estimated from an equation taken from Woods-Ballard et al. (2007).
Vol Ex = maximum volume — current volume of water in the UCT dam.

asure depth VES | VES
Mm:::mifugéh and » 3<=Depth <= 125 Yol RO = Vbl Ex Open 100%

NO NO
Do Nothing Meet demand

Figure 3-12: RTC-2 algorithm, executed every five minutes
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3.9 Economic analysis

3.9.1 Capital costs
Capital costs (Excl. VAT) were based on Kantey & Templer Consulting Engineers estimates

that entailed:

o Remediation works associated with the stormwater channels at the UCT earth dam.
o Slope stability analysis of the UCT earth dam after the recent fires.
o Drilling investigation for slope stability.

Additionally, capital costs of actuators and depth sensors required for Real-time control were
obtained from RS Export Solutions and Hafei WNK companies respectively.

3.9.2 Maintenance costs
It is essential that a stormwater harvesting system receives frequent maintenance to function

optimally. Maintenance costs (Excl. VAT) were based on kantey & Templer Consulting
Engineers scope of work that entailed:

o A site visit to visually inspect the slopes of the earth dam with a particular concern of
mudslides during the winter season.

o Site visit conducted by a Civil engineer, Dam engineer and Geotechnical engineer.

o An assessment report with recommendations submitted after the site visit.

3.9.3 Operation costs
Operational costs (Excl. VAT) of a stormwater harvesting system were accounted for this

study. Operational costs were based on energy costs to run the system. The time for which the
system was in operation was multiplied by the CoCT’s electricity tariff as seen in Table 3-4 to
determine the energy cost required.

Table 3-4: Electricity Tariffs (CCT, 2022)

Small Power User Units Small Power Users 1 Small Power Users 2

(<500kVA) (>1300kWh/month) (<1300kWh/month)
Service ZAR/day 69.96 5.52
Energy ZAR/KWh 1.99 3.50
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3.9.4 Life Cycle Cost Analysis
The total cost of implementing each stormwater harvesting control was computed using a Life

Cycle Cost Analysis (LCCA). LCCA is an economic evaluation method which is commonly
used by considering all costs incurred by an asset over its period of service (WERF, 2011,
Armitage et al., 2013). Developers can use LCCA to make informed comparisons about initial
capital costs versus maintenance and operation costs of various systems (Swamee & Sharma,
2008). In addition, a monetary appraisal (direct/indirect costs) or an economic appraisal
(costs/benefits caused by environmental influences) can be performed by using LCCA,; thus-
making the tool beneficial. It was decided that only direct costs (i.e., capital costs and
maintenance and operational expenses) would be considered for the study; thus, disregarding
an economic appraisal which can be difficult to determine as it requires placing a monetary
value on subjective factors such as aesthetic amenity or ecological services. Additionally,
indirect costs and non-monetary aspects were not considered.

During a LCCA, the total cost Life Cycle Cost (LCC) is computed by converting all costs
incurred by the asset over its lifespan to an equivalent period (i.e., convert future costs to a
present value). Future costs are converted to their present value using Equation 3.1 whilst
Equation 3.2 is used to compute the discount factor. Equation 3.3 was used to compute the
LCC.

PV, = FC, X DE, (3.1)

Where: PV = present value for year, n (ZAR); FC = total future monetary costs in year, n
(ZAR); DF = discount factor in year, n; n = number of years from present year

1
DFy = s (32)

Where: DF = discount factor for year, n; i = real discount rate; n = number of years from present
year

LCC = ZNO' yearS(PVn)costs (33)

n=0

Where: LCC = Life Cycle Cost (ZAR); No. years = total number of years in life cycle analysis;
n = number of years from present year; PV = present value for year, n; Res = residual cost
(ZAR)

The following aspects were considered during the LCCA of each stormwater harvesting
control:
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Discount rate — ‘The discount rate is the rate used to convert all future costs all future
costs and benefits to present value so that they can be compared’ (Lampe et al., 2005).
In addition, the difference between a government 10-year bond and inflation (Consumer
Price Index) is considered to be the discount rate (Fisher-Jeffes, 2015). Shown in Table
3-2 are the values used to determine the discount rate in line with the National Treasury
(2004) recommendations which stats that ‘For practical purposes, the discount rate is
assumed to be the same as the risk adjusted cost of capital to government. The
government bond yield has been used by some institutions as the discount rate for a
particular project over a comparable period. The argument in favour of using the
government bond yield is that it reflects the actual cost to government of raising funds at
any given time. This ignores a number of factors that are difficult to quantify, including:
various risk margins relating to increased government borrowing; various tax
implications of diverting funds from private to public consumption; and government’s
time preference of spending’.

Table 3-2: RSA bond yields and inflation

Analysis period Government 10-year Inflation (%) Discount rate (%)
bond (%)
2012 - 2022 10.5 7.6 2.9

*Trading Economics (2022) **StatsSA (2022)

Life cycle duration — the LCCA was performed for a fifty-year duration as this better
represented the actual lifespan of a stormwater harvesting system. Annual estimates such
as the stormwater yield and each system’s energy cost were based on the hydrological
period of analysis.

Life span of a system components — this establishes each system’s future capital costs as
well to compute residual values at the end of the life cycle duration. Information on a
component’s lifespan were based on Mackenzie (2010).

The Equivalent Annualised Cost (EAC) — shown in Equation 3.4, represents the cost per year
of ownership and operation of an asset. In addition, the unit cost (ZAR/kl) of harvesting
stormwater per year for each stormwater harvesting control was computed.

i(a+)n
(1+i)n-1

EAC = X LCC (3.4)

Where: EAC = equivalent annualised cost (ZAR); i = real discount rate; n = number of years
from present year; LCC = life cycle cost (ZAR)
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3.10 Summary of the method

The chapter focused on the key components of the method used including overview, study area,
model development, data acquisition, stormwater model construction, calibration, static
simulations, simulations of Real-Time Control retrofit and Economic analysis. For this study,
a substantial amount of data was required to model the various aspects of the stormwater
harvesting system. Unfortunately, there were limitations in terms of obtaining data at the
required level of detail. Hargreaves’s method was used to estimate daily evaporation as
evaporation data was not available for the catchment. Furthermore, a stormwater model of the
UCT watershed was constructed and calibrated using SWMM 5.1. RTC-1 and RTC-2
algorithms were implemented to enhance performances of SC1 and SC2 respectively. Results
(Chapter 4) of the performances of the static and RTC configurations are presented.
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4 Results and discussion

4.1 Overview

This chapter presents the results that were obtained after modelling Static and RTC
configurations and discusses the benefit of applying RTC on annual yield and volumetric
reliability of the UCT dam. The results presented in this chapter include the Static and RTC
configurations modelled using rainfall records from 2015 — 2022 with fifteen-minute timestep
(Section 3.3.3) and from 2015 — 2022 with a six-hourly timestep (Section 3.7) respectively.
The routing continuity error for all configurations ranged between -0.8% to 0.1% whilst the
runoff continuity error equalled — 0%. James (2010) states that a continuity error below 10%
is tolerable i.e., thus the errors are considered acceptable. Section 4.2 presents the impact of
RTC on average annual yield and volumetric reliability. Section 4.3 focuses on the unit cost of
harvested stormwater. Section 4.4 discusses on the impact of Real-Time Control technology
whilst section 4.5 details the cost of implementing RTC technology.

4.2 Impact of RTC on annual yield and volumetric reliability

The modelled SWH system configuration with RTC was improved significantly in terms of
average annual yield and volumetric reliability. The ability to enhance average annual yield
and volumetric reliability was evident in the comparison between RTC algorithms and static
controls (Figure 4-1 and 4-2). RTC-1 exhibited approximately 2.1 ML and 5.2% better average
annual yield and volumetric reliability in comparison to SC1. RTC-2 exhibited about 1.1 ML
and 2.5% better average annual yield and volumetric reliability in comparison to SC2. Hence,
the application of RTC-1 and RTC-2 algorithms on the UCT dam provided a capacity (i.e.,
extended detention required for SWH) of 2.2 ML (about 5.1% of SC1 mean annual stormwater
yield) and 1.1 ML (about 2.6% of SC2 mean annual stormwater yield) respectively. Zutari
(2020) estimates UCT residences taps (Potable water) demand at 11ML/a. Hence, RTC-1 and
RTC-2 approaches has the potential meet about 6.4% and 10.9% of the residences potable
water respectively whilst satisfying irrigation demands if stormwater could be fully treated.
SC1 was the only configuration that failed to meet the average annual volume of harvested
stormwater demanded. In addition, volumetric reliability of at least 70%, which is the minimum
level of service required was achieved by the storage configurations.

In the comparison of the water levels variation for static control and RTC configurations
in Figure 4-3 and 4-4. Anticipated flow from forecasted rainfall was accommodated by
dropping the water depth rapidly i.e., flooding was avoided by setting RTC control rules to
allow for pre-emptive drawdown of water levels to provide for capacity in the UCT dam.
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Figure 4-3: Water level in the UCT dam (12,5m maximum depth) during 23 July 2019
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Figure 4-4: Water level in the UCT dam (12,5m maximum depth) during 10 October
2019

4.3 Unit cost of harvested stormwater

The unit cost of harvested stormwater for each configuration was computed by dividing the
scenario’s Equivalent Annualised Cost (EAC) as seen in Figure 4-5 by the average annual yield
of harvested stormwater (determined over the ten-year hydrological analysis period). The unit
cost of harvested stormwater for each configuration can be seen in Figure 4-6.
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Figure 4-6: The unit cost of harvested stormwater for each configuration

Water usage by sports bodies in the CoCT is billed at flat rate (Excl. VAT) of 29.55
ZAR/KI (CCT, 2022). The CoCT increases the tariff for water usage during scarce events.
Figure 4-6 reveals that Static and Real-Time configurations harvested at a unit cost that is
comparable to the cost per kilolitre that the UCT management typically pay the CoCT for their
water usage. The cost of supplying harvested stormwater to the UCT sports fields for irrigation
varied insignificantly between the four configurations. Static and Real-Time configurations
harvested at a unit cost lower than what the UCT management are typically charged by the
CoCT. In addition, Static (SC1 & SC2) and Real-Time (RTC-1 & RTC-2) configurations
harvested stormwater at a cost approximately one-fourth and one-third the rate of what CoCT
charges for water bodies respectively. As expected, Real-Time configurations harvested
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stormwater at a cost comparable to Static configurations due to the inclusion of depth sensor
in the UCT dam and actuated valves in the valves in the dam outlet. SC1 and SC2 results in
water savings of up to 21.15 ZAR/kl and 21.45 ZAR/kI respectively whilst RTC-1 and RTC-2
could save up to 19.35 ZAR/Kkl and 19.45 ZAR/KI. Thus, Static configurations results in water
savings approximately in comparison to RTC. Hence, Static configurations harvested
stormwater at a relatively lowest unit cost in comparison to RTC configurations.

It can be argued that an economically efficient stormwater harvesting system manages to
minimize costs while maximizing the stormwater it harvests. This optimal state cannot be
obtained by solely focusing on maximizing stormwater yields whilst minimizing costs. For
example, RTC configurations harvested more stormwater than Static configurations but Static
configurations harvested stormwater at a relatively low unit cost in comparison to RTC.

4.4 Impact of Real — Time Control Technology

The results suggest that the average annual yield and volumetric reliability of SWH system can
be substantially improved by using RTC technology. This accomplished by pre-storm release
i.e., collecting rainfall forecasts in real-time and discharging water from the system prior to the
occurrence of a rainfall. The use of pre-storm release can contain upcoming storm runoff which
gives the system additional capacity. In addition, pre-storm release can reduce uncontrolled
system overflow (i.e., flood attenuation). The rainfall depth of forecasts was generally lower
than real-time which often produced underestimated volume of pre-storm release for this study
(described in Section 3.7). Thus: during pre-storm release, a small volume of water was
discharged on occasion for the RTC system. Hence, this has the possibility of diminishing
performance for water supply. This ‘underestimation’ can be improved by using a more
accurate and smaller time-interval rainfall forecast data which optimizes the system.

4.5 Cost

The results of this study have shown that Static configurations harvested stormwater at a lower
cost unit in comparison to Real-Time configurations. However, Rohrer & Armitage (2017)
demonstrated that scenarios which modelled the greatest percentage of the total non-potable
demand per residential property were economically viable. Furthermore, Rohrer & Armitage
(2017) concluded that the cost of a stormwater harvesting system water distribution
infrastructure highly influences it’s economic viability.

Rapid development of technology in recent times such as methodologies, tools and
improved devices greatly reduce the cost of RTC technology. An RTC system can minimize
adverse impacts of urban runoff on the environment whilst providing private and public
benefits to water consumers at a relatively low cost. Uptake of such environmental technologies
through this combination of private and public benefits are vital.
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5 Conclusions and Recommendations

5.1 Overview

This chapter presents concluding remarks of the study and contribution (Section 5.2),
challenges and recommendations (Section 5.3).

5.2 Study Contribution

The study identified and reviewed South African weather companies such as SAWS, CSAG
and the NWS that runs a GFS model which is appropriate to RSA. It was found that SAWS do
not focus on rainfall forecast and CSAG’s forecast has been discontinued in 2016. Hence, this
study used a GFS model that model provides time series rainfall forecast at a six-hourly
temporal resolution. It was determined that there were some differences in the magnitude of
the events and the timing of peak (shift in peak times). In addition, some peaks in the historical
data were 40% higher than GFS data. In this study, a continuous simulation was conducted to
model the ability of two types of SWH system, namely a conventional (static) and RTC system
(dynamic) to deliver non-potable water for irrigation. The study determined that the
implementation of RTC can significantly improve the annual yield and volumetric reliability
performance of a SWH system. The dynamic management of the UCT dam with RTC-1 and
RTC-2 approaches increase yield by 2.1 ML and 1.1 ML respectively. Additionally, RTC-1
and RTC-2 approaches increase volumetric reliability by 5.3% and 2.5% respectively whilst
maintaining the required level of service of a stormwater harvesting system. SC1 and SC2
results in water savings of up to 21.15 ZAR/kl and 21.45 ZAR/KI respectively whilst RTC-1
and RTC-2 could save up to 19.35 ZAR/kl and 19.45 ZAR/kl. Thus, Static configurations
results in water savings approximately 9% in comparison to RTC. In addition, Static
configurations harvested stormwater at a relatively lowest unit cost in comparison to RTC
configurations. Hence, RTC approaches increase yield and volumetric reliability with
relatively low-cost implications. In addition, RTC-1 and RTC-2 approaches has the potential
meet about 6.4% and 10.9% of the residences potable water demand respectively whilst
satisfying irrigation demands if stormwater could be fully treated. It can be concluded that
RTC-1 and RTC-2 provide guidance on the dynamic management storage to enhance SWH.
The RTC system exhibits a great potential in reshaping stormwater harvesting system to
simultaneously deliver water conservation and stormwater management. The ability of an RTC
system to provide centralised control and failure detection, which can be readily adapted to
variation of climate and local conditions over both the short and long term opens up
possibilities of delivering a system that is more stable and reliable.

5.3 Recommendations for future research

This research mainly focused on the application of Real-Time control to enhance stormwater
harvesting by assessing the average annual yield and volumetric reliability in the UCT dam for
water supply.. The key challenge for the study was availability of long time series data for
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modelling the environment and water demand.. The areas recommended for future research are
as follows:

o Future studies should consider climate change with variations in rainfall intensity,
temperature, and other control algorithms (e.g., optimization-based control, predictive
control.

o Future research in RTC applications should consider the significance of sampling (time)
interval for the efficiency of the RTC strategy and the potential error in results when
designing control algorithms.

Finally, this study represents only a part of a greater effort to reuse urban stormwater in a water

sensitive precinct or campus. These real-time tools combined with RTC retrofitting can pave

the way for the future of smart stormwater management.
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7 Appendix

7.1 Appendix 1: UCT Dam Details
7.1.1 Appendix la: Outlet structure

|Pru:u|:|ert_',.r Value
Mame 21

Inlet Mede 12
Outlet Mede 2
Description

Tag

Type BOTTOM
Shape CIRCULAR
Height 0.2
Width 0

Inlet Offset B
Discharge Coeff. 0.7

Flap Gate YES

Time to Open/Close D

Figure A-1a: Outlet structure for SC1 (unit = metre)

|Pru:u|:|ert_',.r Value |
Mame 21

Inlet Mode 12

Outlet Mode 2
Description

Tag

Type BOTTOM
Shape CIRCULAR
Height 0.2

Width 0

Inlet Offset 3
Discharge Coeff. 0.7

Flap Gate YES

Time to Open/Close D

Figure A-1b: Outlet structure for SC2 (unit = metre)
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7.2 Appendix 2: Static control configurations

The following appendix presents the actual Real Time Control (RTC) rules that were used to
govern the two storage configurations. It should be noted that the depths listed are in meters.
The orifice setting reflects the open/close status of the pond outlet; where: 0 = outlet is closed,
0.5 = outlet is half-open, and 1 = outlet is fully open.

7.2.1 Appendix 2a: SC1 control rules

RULE 1la

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH <=12.5

AND NODE 12 DEPTH >=12

THEN ORIFICE 21 SETTING = 0.08

RULE 1b

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 12

AND NODE 12 DEPTH >=11.5

THEN ORIFICE 21 SETTING = 0.08

RULE 1c

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 11.5

AND NODE 12 DEPTH >=11

THEN ORIFICE 21 SETTING = 0.08

RULE 1d

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 11

AND NODE 12 DEPTH >=10.5

THEN ORIFICE 21 SETTING = 0.08

RULE 1e



IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 10.5

AND NODE 12 DEPTH >= 10

THEN ORIFICE 21 SETTING = 0.08

RULE 1f

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 10

AND NODE 12 DEPTH >=9.5

THEN ORIFICE 21 SETTING = 0.09

RULE 1g

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 9.5

AND NODE 12 DEPTH >=9

THEN ORIFICE 21 SETTING = 0.09

RULE 1h

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 9

AND NODE 12 DEPTH = 8.5

THEN ORIFICE 21 SETTING = 0.09

RULE 1i

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 8.5

AND NODE 12 DEPTH >= 8

THEN ORIFICE 21 SETTING = 0.1

RULE 1j

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
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AND NODE 12 DEPTH <8

AND NODE 12 DEPTH >=7.5

THEN ORIFICE 21 SETTING =0.11

RULE 1k

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 7.5

AND NODE 12 DEPTH >=7

THEN ORIFICE 21 SETTING = 0.12

RULE 1l

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 7

AND NODE 12 DEPTH >=6.5

THEN ORIFICE 21 SETTING = 0.14

RULE 1m

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 6.5

AND NODE 12 DEPTH > 6

THEN ORIFICE 21 SETTING =0.21

ELSE ORIFICE 21 SETTING =0

7.2.2 Appendix 2b: SC2 control rules

RULE 1la
IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
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AND NODE 12 DEPTH <=12.5

AND NODE 12 DEPTH >=12

THEN ORIFICE 21 SETTING = 0.07

RULE 1b

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH <12

AND NODE 12 DEPTH >=11.5

THEN ORIFICE 21 SETTING = 0.07

RULE 1c

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 11.5

AND NODE 12 DEPTH >=11

THEN ORIFICE 21 SETTING = 0.07

RULE 1d

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 11

AND NODE 12 DEPTH >=10.5

THEN ORIFICE 21 SETTING = 0.07

RULE 1e

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 10.5

AND NODE 12 DEPTH >=10

THEN ORIFICE 21 SETTING = 0.07

RULE 1f

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 10

AND NODE 12 DEPTH >=9.5
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THEN ORIFICE 21 SETTING = 0.07
RULE 1g

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 9.5

AND NODE 12 DEPTH >=9

THEN ORIFICE 21 SETTING = 0.08

RULE 1h

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 9

AND NODE 12 DEPTH >= 8.5

THEN ORIFICE 21 SETTING = 0.08

RULE 1i

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 8.5

AND NODE 12 DEPTH >=8

THEN ORIFICE 21 SETTING = 0.08

RULE 1j

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 8

AND NODE 12 DEPTH >= 7.5

THEN ORIFICE 21 SETTING = 0.08

RULE 1K

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 7.5

AND NODE 12 DEPTH >=7

THEN ORIFICE 21 SETTING = 0.08

RULE 1
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IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 7

AND NODE 12 DEPTH >= 6.5

THEN ORIFICE 21 SETTING = 0.09

RULE 1m

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 6.5

AND NODE 12 DEPTH >= 6

THEN ORIFICE 21 SETTING = 0.09

RULE 1n

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 6

AND NODE 12 DEPTH >=5.5

THEN ORIFICE 21 SETTING = 0.09

RULE 10

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 5.5

AND NODE 12 DEPTH >=5

THEN ORIFICE 21 SETTING = 0.1

RULE 1p

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH <5

AND NODE 12 DEPTH >= 4.5

THEN ORIFICE 21 SETTING = 0.11

RULE 1q

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
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AND NODE 12 DEPTH <4.5

AND NODE 12 DEPTH >=4

THEN ORIFICE 21 SETTING = 0.12

RULE 1r

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH <4

AND NODE 12 DEPTH >=3.5

THEN ORIFICE 21 SETTING = 0.14

RULE 1s

IF SIMULATION CLOCKTIME > 08:00:00
AND SIMULATION CLOCKTIME < 13:00:00
AND NODE 12 DEPTH < 3.5

AND NODE 12 DEPTH > 3

THEN ORIFICE 21 SETTING =0.21

ELSE ORIFICE 21 SETTING =0
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7.3 Appendix 3: PyYSWMM Sample Code

7.3.1 Appendix 3a: PyYSWMM Script for RTC-1 and RTC-2
1 from pyswmm import Simulation, Links, Nodes, SystemStats

2 from datetime import datetime

3 with Simulation('C:/Users/Malesela/Downloads/ Y as  sim:

Or21_Uctdam = Links(sim)["21"]
Pond_Uctdam = Nodes(sim)["12"]
syst_stats = SystemStats(sim)

© o0 N o o1 b

sim.step_advance(300)

11 for step in sim:

12 RRF_Uctdam = syst_stats.runoff_stats["rainfall"]

13 Vol _ro_Uctdam = PR*RRF_Uctdam*A

14 Vol_ex_Uctdam = Max volume - Pond_Uctdam.volume
15 if Vol_ro_Uctdam > Vol _ex_Uctdam:

16 Or21 Uctdam.target_setting = 1.0

17 else:

18 Or21_Uctdam.target_setting =0



7.4 Appendix 4: Economic calculation module
7.4.1 Appendix 4a: LCCA Costing Module for SC1 & SC2

Table 4-1a: LCCA costing module in Rands

7-10

1 2 3 4 5
Year of Graphs | Discount factor Capital costs Maintenance & Operations Sum 'Cash' Expenditure for year
0 1,000 1602400 0 1602400
1 0,972 0 158504 158504
2 0,944 0 158504 158504
3 0,918 0 158504 158504
4 0,892 0 158504 158504
5 0,867 0 158504 158504
6 0,842 0 158504 158504
7 0,819 0 158504 158504
8 0,796 0 158504 158504
9 0,773 0 158504 158504
10 0,751 0 158504 158504
Table 4-1a (continued): LCCA costing module in Rands
6 7 8 9 10
PV of Capital costs | PV of Maintenance & | PV of Year costs Total Cash Sum Present Value Expenditure
Operations Expenditure

1602400 0 1602400 1602400 1602400
0 154037 154037 1760904 1756437
0 149696 149696 1919408 1906133
0 145477 145477 2077912 2051610
0 141377 141377 2236416 2192987
0 137393 137393 2394920 2330379
0 133521 133521 2553424 2463900
0 129758 129758 2711928 2593657
0 126101 126101 2870432 2719758
0 122547 122547 3028936 2842305
0 119093 119093 3187440 2961398
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7.4.2 Appendix 4b: LCCA Costing Module for RTC-1 & RTC-2

Table 4-1b: LCCA costing module in Rands

1 2 3 4 5
Year of Graphs | Discount factor Capital costs Maintenance & Operations Sum 'Cash' Expenditure for year
0 1 1703890 0 1703890
1 0,972 0 242263 242263
2 0,944 0 242263 242263
3 0,918 0 242263 242263
4 0,892 0 242263 242263
5 0,867 0 242263 242263
6 0,842 0 242263 242263
7 0,819 0 242263 242263
8 0,796 0 242263 242263
9 0,773 0 242263 242263
10 0,751 0 242263 242263
Table 4-1b (continued): LCCA costing module in Rands
6 7 8 9 10
PV of Capital costs | PV of Maintenance | PV of Year costs Total Cash Sum Present Value Expenditure
& Operations Expenditure

1703890 0 1703890 1703890 1703890
0 235435 235435 1946153 1939325
0 228800 228800 2188416 2168126
0 222352 222352 2430679 2390478
0 216085 216085 2672942 2606563
0 209996 209996 2915205 2816559
0 204077 204077 3157468 3020636
0 198326 198326 3399731 3218962
0 192737 192737 3641994 3411698
0 187305 187305 3884257 3599003
0 182026 182026 4126520 3781029
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7.5 Appendix 5: Borehole logs
7.5.1 Appendix 5a: New Engineering Building



K&' l 1 SUTHERLAND & ASSOCIATES HOLE No: BH1

ENGINEERING COMPLEX, UCT, Sheet 1 of 2
KANTEY & TEMPLER
CONSULTING ENGINEERS JOB NUMBER: 13282GG
ENGANEERING AFRICAN DEVELOPMEN]
Seale |6 o 0.00 ) .
1:50 Yellowish orange, fine to medium grained
10 <o {(probably loose) SAND with scattered
o ©Q subangular ferruginous fine gravel: FILL,
o}
NWD4 1 2 of | 1.00
& Subrounded to  subangular  gquarizitic
%2 ) e sandstone GRAVEL and BOULDERS medium
1% densely to densely packed in a matrix of
p L (] brownish yellow blolched orange and red
3 o;C occasionally mottled light grey, variably clayey,
Niw ) medium grained sand: TRANSPORTED.
NX WASH ) s ’C
BORE \ Gravsl and boulders are completely to medium
100 3 } o weathered and of very soft to hard rock
SPT : OJC consistency.
Q0 o
) o Profite stained dark brown to black between
25 5 13.30 - 13.80m depth indicaling extensive
4 :) ; ferruginisation, probably due to the abundant
) Q'C presence of groundwater.
1 ©
25(]
24 s @fo
7
s15m ¥ D5,
- ek
o
ke
6 A
%
{ ©
%
7 b"o.
D3]
o
D«O_C
7
(o}
66 4 :@ P
) OC
Qs
” 'o-C
9 @o
o~
%5(
s Qg
NWD4 :)Q;C
oK)
&
s
O3
e
D5 (]
94 11 bb
7
D5 (]
Qs
DRILLING CORE  ROD FRACT TEST VALUE ) OC
METHOD REC. % PER OR ‘N P
m SAMPLE SNt




&I
KANTLY & TEMPLER
CONSULTING ENGINEERS

ENGIMNEERING AFRICA

37

39

84

67

N DEVELOPMEN]

SPT 52

DRILLING CORE
METHOD REC. %

ROD | FRACT. TEST VALUE

PER OR "N
m__ SAMPLE

CONTRACTOR :
MACHINE :
DRILLED BY :
PROFILED BY :

TYPE SETBY :
SETUPFILE :

Dot1s

FAIRBROTHER
LH250

JAN NIEUWENHUIS
L.C.

SHEILA
k&t-bore SET

12

13

14

15

16

SUTHERLAND & ASSOCIATES
ENGINEERING COMPLEX, UCT.

A\
ol

g
'O

»;
o

HOLE No: BH1
Sheet 2 of 2

JOB NUMBER: 13282GG

bedding structure tending to

25
s
s
D[
3 °
S 14.70
z
A Brownish olive mottied dark yellow and light
“I11] grey, very stiff intact slightly clayey SILT with
: ‘1 remnant
P : 7 completely weathered very soft rock shale
|- : locally: RESIDUAL MALMESBURY.
rd - P
s - .
Z 16.30
NOTES

1) End of hole 16.30m.
2) 8PT=Standard penetration test.
3) Water Table at 5.15m depth.

4) R=Refusal

INCLINATION : VERTICAL

DIAM :
DATE :
DATE : 23-08-2010

DATE : 29/09/10 07:55
TEXT : .\DATA\B13282-1.TXT

ELEVATION : N/A
X-COORD : N/A
Y-COORD : NIA

HOLE No: BH1
Rainstrumentation

dot.PLOT 4004 J&W



K&
KANTEY & TEMPLER

CONSULTING ENGINEERS
ENGINEERING AFRICAN DEVELOPMENT

N/A
WASH
SAMPLE

N/A
WASH
SAMPLE

17

36

23

62 SPT

22

21
NWD4

84 SPT

6 | SPT

75

DRILLING CORE | ROD | FRACT. TEST VALUE

METHOD REC. % PER OR

m  SAMPLE

10

11

7.1m_¥Y_

Qo

S

o

YOO YO YO oo

7

o]

X

o]

NONON N N N N N N NN T T T T T N
\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\

SUTHERLAND & ASSOCIATES HOLE No: BH2
ENGINEERING COMPLEX, UCT. Sheet 1 of 2
JOB NUMBER: 13282GG
Seale " "
1:50 Black continous graded hot mix ASPHALT:
SURFACING.
Light greyish brown, fine to medium grained
{probably loose) SAND: FILL.
(Probably associated with retaining wall
construction).
v QL
Subrounded to  subangular  quartzitic
S A sandstone GRAVEL AND BOULDERS medium
OC densely to densely packed in matrix of
o brownish yellow blotched orange and red
D, o C occasionally mottled light grey, variably clayey,
b o medium grained sand; TRANSPORTED.
OC Gravel and boulders are completely to medium
|9 wealhered and of very soft to hard rock
D 0 C consistency.
S
:) OC Matrix material occurs as clay/sand and sandy
clay iocally,
. ° y Y.
:) O~C Boulders up to 0.35m in diameter.
0
® o(]
(275
%

Light reddish brown mottled dark yellow and
occasionally light grey, speckled/stained dark
brown, very stiff, fissured slightly clayey SILT
with scattered ferruginous soft rock fragments:
REWORKED RESIDUAL MALMESBURY.

Brownish olive mottled dark yellow and light
grey, very stiff intact slightly clayey SILT with
remnant bedding structure and zones of
completely to highty weathered very soft rock
shale: RESIDUAL MALMESBURY.



K&

KANTEY & TEMPLER

CONSULTINCG ENGINEERS
ENGINEERING AFRICAN DEVELOPMENT

SUTHERLAND & ASSOCIATES HOLE No: BH2
ENGINEERING COMPLEX, UCT. Sheet 2 of 2

JOB NUMBER: 13282GG

rs y .
I
1 /s
2 A :
e / .
s 7’ .
s ’ .
s ’ P
62 SPT 52 [13 Il
e s
rd p ,
“ o
ra ’ .
14 ‘|1
s Vi .
s " P
i ” ,
' ’ ,
s rd
46 15 ALl
rd ” ,
e ’ ,
s - .
' - ,
s ’ 4
16 “1-1.
Fd -1,
48 11,
- A,
s -1,
Vs
17 AL
85 SPT R 17.13
NOTES
1} End of hole 17.135m.
2) SPT=Standard penetration test
3) Water Table at 7. Tm depth.
4) R=Refusal
DRILLING CORE | ROD FRACT. | TEST VALUE
METHOD REC. % PER OR N
m SAMPLE
CONTRACTOR : FAIRBROTHER INCLINATION : VERTICAL ELEVATION : NIA
MACHINE : LH250 DIAM : X-COORD : NIA
DRILLED BY : JAN NIEUWENHUIS DATE : Y-COORD : NIA
PROFILEDBY : L.C. DATE : 23-08-2010 HOLE No: BH2
lo:
TYPE SET BY : SHEILA DATE : 29/09/10 07:56 Reinstrumentation
SETUP FILE : k&t-bore.SET TEXT : \DATA\B13282-2 TXT

D@16

dot. PLOT 4004 J&EW
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7.5.2 Appendix 5b: New Lecture Theatre



7-18

HENRY FAGAN HOLE No: BH1
—_— NEW LECTURE THEATRE Sheet 1 of 2
KANTEY & TEMPLER
CONSULTING ENGINEERS UCT UPPER CAMPUS.
Engincering Ofuican Developmend JOB NUMBER: 13852GG
- Scale] 0.00
30 - 1:50]: Yellowish orange fine to medium grained
- b (probably medium dense) SAND with scattered
NX - ]
- 1 subrounded to subangular sandstone gravel;
30 - 1 TRANSPORTED (REWORKED).
. | : 1.00
z ] Yellow to reddish orange and olive grey
27 - ] subrounded to subangular sandstone GRAVEL
- i and BOULDERS densely packed in a matrix of
:2 B slightly clayey medium to coarse grained gritty
- 1 sand; TRANSPORTED.
53 SPT 10 |- ]
: Gravel and boulders are highly to medium
- ] weathered and of soft to hard rock consistency.
3 ]
67 _ sPT | R | 1
4 ]
23
- ] 4.70
‘5 i Dark reddish purple mottled olive and yellowish
- ] :) orange very stiff sandy SILT with occasional to
100 - IR scattered sandstone gravel and boulders;
- LER TRANSPORTED.
. N
6 Vol Gravel and boulders are highly to medium
NWD4 - ] :) I weathered and of soft to hard consistency.
74 SPT 46 z ]
o 6Smy 14l L 6.55
- q1|-
- 1|, : < Light olive and yellow mottled orange and
34 -7 Tl 4 brownish olive very stiff intact slightly clayey
- ] -
- 11711, SILT; RESIDUAL MALMESBURY.
- q1|- - .
- T1-1-].
74 SPT 37 |- 11711
,8 : - ” P
— [ Ak P
- 1171-|.
- 117171
_ 1141-],
: : s - ”
9 11711~
29 - —H171-].
: 1171~ P
- 11717]-
- 11711~
- T1141-].
:10 117~ -
— i - ” P
- 117~ P
75 SPT 27 z 11711
= 11717]-
_ 1141-].
11 1711
- 11711~
31 - 111
- 1171~ -
- _] 141 _
DRILLING CORE | ROD | FRACT.| TEST | VALUE A1
METHOD REC. % PER OR "N" ‘|-
m  |SAMPLE 141,
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K’T HENRY FAGAN HOLE No: BH1
—reT NEW LECTURE THEATRE Sheet 2 of 2
KANTEY & TEMPLER Lo
CONSULTING ENGINEERS UCT UPPER CAMPUS
Engincerving Ofuican Developmend JOB NUMBER: 13852GG
- - B i _ 11.70 -
75 SPT 26 [ 12 ] : “1¢ Olive brown mottled orange and purple verystiff
P : 4 intact slightly clayey SILT with remnant
Ll bedding structure; RESIDUAL MALMESBURY.
- rd
- 1l
NWD4 - el
a4 [ 13 17|
- “ rd »
_ 1
- s - P
B e
M 13.70
67 SPT R [14 ] Olive brown mottled orange and purple to
yellow completely weathered highly fractured
T very soft rock SHALE; MALMESBURY
] GROUP.
15 ]
3 1 15.15
NOTES

1) End of hole 14.15m.

2) SPT=Standard penetration test.

3) R=Refusal

4) Water table at 6.5m two days after completion

of drilling.
RILLING CORE | ROD |FRACT.| TEST | VALUE
METHOD REC. % PER OR “N"
m  |SAMPLE
CONTRACTOR : FAIRBROTHER INCLINATION : VERTICAL ELEVATION : +107m AMSL
MACHINE : SECA DIAM : X-COORD : N/A
DRILLED BY : J. NIEWENHUIS DATE : Y-COORD : N/A
PROFILED BY : L.C. DATE : 31-07-2012
HOLE No: BH1
TYPE SET BY : SHEILA DATE : 29/08/14 14:00 Reinstrumentation
SETUP FILE : k&t-bore.SET TEXT : ..DATA\B13852-1.TXT

D016 dot.PLOT 4004 J&W
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, - structbire at dw&gﬁg!%bMALM St
S SPT 3 -
KANTE)Y & TEMPLE N Sheet1of2
CONSULTING EN INEER R :
Y [
F -
A |
23 G |
A -6
Nwb4 89 SPT ly -
N |-
E |-
W :7 JOB NUMBER: 13852GG
61 Lol
E : ]
- N T | ]
100 spT | 3¥ |8
5 o 7 R | A
N B - " E |- ]
38 T ]
H |- ]
E—{9]
100 spT | 2b |
T |- ]
R |- ]
E | 1
90 U 717 11
c T 1 171~
S O R
T 11,
] -
89 spT | 22 | )|
P li A
P 11717~
J17~
100 E 1111
R E ke -
DRILLING CORE ROD | FRACT.| TEST | VALOE Il /:
METHOD REC. % PER OR "N 11711,
m  |SAMPLE 1],
M T
1171
P a r - .
U 117171
s 111
117~ P
1171-].
101
I~
HAND - Scalef ||, 0.00
EXCA- 60 - 150!, B : Dark brown very loose highly organic sandy
VATION | N/A - 117|- 0.20 SILT, FILL.
: ] rd , . .
Nx | WASH - 11711 Yellowish orange fine to medium grained
SAMPLE -1 1. i i )
SPT R +.1717 (posibably medium dense) SAND with
] rd
33 B 11,17 scattered subrounded to subangular sandstone
- R -
- 1117] - gravel and occasional fine  roots;
86 - 11171 TRANSPORTED (REWORKED).
- ] : 4E 1.15
- T~ : 4 Yellow to reddish orange and olive grey
100 SPT 28 - 11 : subrounded to subangular sandstone GRAVEL
_ 1117]. and BOULDERS densely packed in a matrix of
94 - ] : : - slightly clayey medium to coarse grained gritty
~3+3.0m +l. . 4 sand; TRANSPORTED.
_ g r
L 117171
84 SPT 26 [ 1. . .
- 11171~ Gravel and boulders are highly to medium
- 1 : 7 weathered and of soft to hard rock consistency.
- ] s
N : - rd ! 2.80 . . . o
39 4 1L 4 Light yellow mottled reddish orange becoming
i T, : brownish purple mottled orange with depth
R 1141~ . slightly clayey SILT with remnant bedding
- 1
11717~
111
11711~
,: ‘|- 4
rd , .
r - .
r - -
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NEW LECTURE THEATRE
UCT UPPER CAMPUS.

Sheet 2 of 2

K"I‘ HENRY FAGAN ‘ HOLE No: BH2 ‘

KANTEY & TEMPLER

‘ JOB NUMBER: 13852GG ‘

A1
[ 12 11~

100 SPT 32 [ I

- A2

NWD4 - A2
- |

100 : -2l

13 171~

e

- - -

100 SPT 34 |- |-

-I-

13.50

NOTES

1) End of hole 13.50m.

2) SPT=Standard penetration test.

3) R=Refusal

4) Water table +3.0m two days after completion
of drilling.

PRILLING CORE ROD FRACT. TEST | VALUE
METHOD REC. % PER OR "N™
m SAMPLE

Do16



Appendix 6: Ethics clearance

Application for Approval of Ethics in Research |ER) Projects
Facslty of Engincoring and the Built Environment, University of Cape Town

ETHICS APPLICATION FORM

Please Note:

Any parson planning fo underake research in the Faculty of Engineering and the Built Environmant (EBE) at the University
ol Gape Town s megquired o canplete (his fom before coleding or analysing dala, The oaecive of submilling (his
application prior to embarking on research is to ensure fhal the highest ethical standards in research, conducted undar the
auspioes of the EBE Facully, are mel, Please ensure hal you have read, and undersiood the EBE Ethics in Research
Handbook (available from the UCT EBE, Research Elhics websile) prior © compleling this  applcation

form: hilp: P ebe ud ac.zafebelre se archiethics 1

APPLICANT'S DETAILS

Mame of princpal reseancher, student ar
exiemal applicant

Malesela Mogano

Depariment Civil Engineering
Prefemed email address of applicant: mgnmal003@myuct.ac.za
Your Degres:
a.g., MSe, PhD, ete. MSc in civil engineering
Credit Vahe of 180
If Studant Resenreh: ¢.4.
G0N 20/180.360 e,
Hame of Euperviaor (if
sups rvised): Dr John Okedi
If thia ks o rescarcheoniract, indicals the
source of unding/sponsorshp Department of Water and Sanitation
Projec Tilke Application of RTC to enhance stormwater hanesting

| haraby undartake to carry aut my ressamh in euch a way that:
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