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Abstract: A Scalable Vector Graphics (SVG) simulation tool has been created for the analysis of urban stormwater harvesting 
systems and applied to model the proposed Helps Road Drain scheme in the City of Salisbury, South Australia. The 
scheme consists of 5 inline storage facilities and an aquifer storage and recovery (ASR) system. The captured 
stormwater is harvested and may be subsequently pumped to consumers according to a contracted demand. A number 
of scenarios were investigated, including extended wet or dry periods and reduced pumping, to evaluate the system’s 
performance. Conditional Value-at-Risk (CVaR) was used as a measure for comparing the scenarios with regards to 
overflow and supply shortfall from the system. Across all of the investigations it was observed that reducing the 
pumping rates at the storages resulted in more feasible amounts of water being stored in the aquifer whilst maintaining 
flows and satisfying demand for stormwater. The simulations of the scheme highlighted some possible issues with the 
system and some suggestions have been made to resolve them and improve its performance. 

Keywords: Conditional Value-at-Risk, differential equations, simulation, stormwater harvesting, urban stormwater 

1. INTRODUCTION 

A computer-based simulation tool has been created for the analysis of urban stormwater 
harvesting systems that serve to capture and harvest stormwater through a series of connected dams 
and an aquifer storage and recovery (ASR) system. The simulation tool provides a visual 
representation of the system over time using Scalable Vector Graphics (SVG) which allows 
managers to visualise the limiting factors and interdependence of components within a system. This 
paper builds upon the work presented in Thomas et al (2007) adding more features and capabilities 
to the mathematical model and simulation tool. 

The simulation tool has been applied to model the Helps Road Drain urban stormwater 
harvesting system in the City of Salisbury, South Australia which has only recently come online. A 
proposed system configuration as set out by the council was considered and a number of scenarios 
were investigated to evaluate the system’s performance and risk assessment of the potential impact 
on the surrounding urban environment. 

The risk measure Conditional Value-at-Risk (CVaR) was used to compare the overflow and 
supply shortfall of the various water management policies. CVaR, also known as expected shortfall 
or expected tail loss, was introduced by Rockafellar and Uryasev (2000) in the finance industry to 
evaluate the risk of a portfolio, but more recently has been applied to the field of water management 
by Webby et al (2007) and Piantadosi et al (2008). 

The capital city of South Australia, Adelaide, relies on the ailing Murray River for its water 
supply. Stormwater is a valuable resource that may be used to reduce its dependence on the Murray. 
The City of Salisbury is recognised internationally as a leading local government agency in 
stormwater management, urban revegetation, wetland development and habitat restoration. The 
Helps Road Drain system forms part of the Integrated Water Cycle Management Plan (IWCMP) 
where stormwater harvesting is an integral component of drainage systems and several large users 
of reclaimed water already exist (“Towards Water Sensitive Cities”, 2009). 
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2. HELPS ROAD DRAIN SYSTEM 

The Helps Road Drain urban stormwater harvesting system is located in the City of Salisbury, in 
the northern Adelaide region of South Australia. The system consists of five inline storages each 
serving as a temporary water storage facility for flood mitigation and as a means of controlling 
environmental flows. The storages also allow the City of Salisbury to capture and hold stormwater 
for harvesting and subsequent supply to local users. Stormwater runoff from the urban catchment 
flows into each of the storages together with any draining outflows from the storages directly 
upstream as shown in Figure 1. The system has a total of 2373 ML available for harvesting and 
flood mitigation with the individual storage capacities shown in Table 1. 
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Figure 1: Diagram of the Helps Road Drain urban stormwater harvesting system 
 

Table 1: Capacities of the storages in the Helps Road Drain system 

 EPN EPS KP SBW BWL 
Detention volume (ML) 1278 258 756 52 49 
Harvest volume (ML) 610 67 92 33 17 

Lowest weir height (m) 3 1.2 0.6 1.15 1.5 
 
The first storage in sequence with a detention volume of 1278 ML is the Edinburgh Parks North 

basin. The main purpose of the first storage is to serve as a temporary storage for flood mitigation 
and to control the subsequent downstream flows. The outflow from the basin is over a V-notch weir 
at a height of 3 metres and through a valve at a height of 1.5 metres. In this study it was assumed 
that the valve remained closed. These outflows enter a 7 km open channel reach and subsequently 
flow into the downstream wetland, Edinburgh Parks South. 

Outflow from the Edinburgh Parks South wetland is over a 5 metre long weir at a height of 1.2 
metres. The local sub-catchment generates runoff from an industrial area to the east of the wetland 
which also contains users of the harvested stormwater at the site. 

The third storage is the Kaurna Park wetland, a man-made urban forest with a detention volume 
of 756 ML. The vegetation within the wetland cleanses the water before it flows on to the next 
storage. The Kaurna Park weir consists of a 2 metre plate and a 20m long concrete-mesh wall. In 
practice these weir heights are adjustable but have been set to 0.6 metres and 0.8 metres, 
respectively, in these simulations. 

The Springbank Waters wetland is located in the centre of a new urban development forming the 
main part of the local catchment area. The capacity of the storage is about 52 ML and the outflow is 
over a set of weirs spanning 70 metres with the lowest at a height of 1.15 metres and the highest at 
1.4 metres. 

The final storage in sequence is the Burton wetland, located directly next to the Springbank 
Waters wetland. A small storage of about 49 ML, the wetland receives runoff from the Burton 
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residential area. The outflow from the storage is over a 3 metre long weir with sloping sides at a 
height of 1.5 metres. Water leaves the system at this point and eventually flows out to sea and 
cannot be recaptured. 

Pumping stations are located at both the Edinburgh Parks South and Kaurna Park wetlands 
where water is pumped out of the storages at 85 L/s and 40 L/s, respectively. Each day where water 
is available to be pumped from the storage is known as a ‘harvest day’. Pumped water is stored in a 
balance tank and is available for local industry to purchase and use according to a contracted 
supply. Any excess water is injected into the underground T1 aquifer (refer to Martin and Dillon 
(2002)). Water may also be extracted from the aquifer to assist in satisfying the demand. 
Extractions are limited to a maximum of 80% of the amounts that had previously been injected 
(communication with Colin Pitman, 2002). 

2.1 Mathematical model 

The five storages of the Helps Road Drain system are modelled by a system of ordinary 
differential equations of the form 
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where Vi(t) is the volume of the storage and hi(t) is the height (or depth) of the water at time t, and 
where Ai(hi) is the horizontal cross-sectional area at a given height, αi is the rate of inflow, βi is the 
rate of draining and qi is the constant pumping rate for the i-th storage in sequence. 
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where fi is the formula for the runoff into storage i for rainfall r(t), and τi is the time taken (in days) 
for the draining outflow from the upstream storage (i-1) to reach storage i. 

The draining rate over a weir of constant length for storage i is derived from Torricelli’s law (see 
Edwards and Penney (2000)) and is given by 
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where wi is the height of the weir and ki is a constant. 

2.2 Parameters of the system 

The following parameters have been proposed by the City of Salisbury for the Helps Road Drain 
system which has only recently come online and will be used as a baseline in the investigations. The 
data inputs for the simulation are arrays of a representative range of depths for each of the storages 
and their corresponding horizontal cross-sectional areas and draining coefficients ki (derived from 
flow formulae). The height-area profiles for each storage are shown in Figure 2. 

By the fundamental theorem of calculus the volume is given by the relationship 
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which is numerically approximated in the simulation using the composite trapezoidal rule of the 
piece-wise linear Ai(hi) functions (Burden and Faires, 2005). 

The delays between the storages have been set to 2 days between the Edinburgh Parks North 
basin and the Edinburgh Parks South wetland, 1 day between the Edinburgh Parks South wetland 
and the Kaurna Park wetland, 30 minutes between the Kaurna Park wetland and the Springbank 
Waters wetland, and 6 minutes between the Springbank Waters wetland and the Burton wetland. 

Figure 3 displays the monthly demand for harvested stormwater from the system totalling 546 
ML/annum. This relationship has been derived from a history of customer usage at the two 
respective sites. 
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Figure 2: The horizontal cross-sectional areas of the storages at given heights 
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Figure 3: Monthly demand for stormwater from the Edinburgh Parks South and Kaurna Park wetlands 
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Figure 4: A) Expected monthly rainfall totals for the Smithfield and Edinburgh areas;  
B) Expected monthly runoff totals into each storage of the Helps Road Drain system 
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The simulation randomly generates daily rainfall from 2 locations: Smithfield and Edinburgh, 
using a mixed gamma distribution (Piantadosi et al, 2009). The expected monthly rainfall totals for 
both locations are shown in Figure 4A. Runoff for the Edinburgh Parks North basin depends on the 
Smithfield rainfall and the remaining wetlands receive runoff based on the Edinburgh rainfall. 
Rainfall-runoff relationships for each storage were derived by performing linear regression to match 
the observed rainfall to the simulated runoff from a WaterCress model by Richard Clark (personal 
communication) of the catchment area. The expected monthly runoff totals for each storage are 
shown in Figure 4B. 

3. SIMULATION TOOL 

The simulation tool has been written in SVG (Scalable Vector Graphics) and therefore may be 
viewed in an SVG-enabled web-browser. The system of differential equations is solved using a 
fourth order Runge-Kutta method (Burden and Faires, 2005) and the changing volumes of water in 
the storages are drawn to the screen with two-dimensional graphics (SVG). Figure 5 shows the main 
screen of the simulation tool. 

 

 

Figure 5: Main screenshot of the simulation tool with some highlighted features 

3.1 Risk analysis 

Water related hazards such as flooding may have a devastating effect on the surrounding 
environment of an urban system. Recent work suggests that frequency alone is not sufficient to 
describe the level of potential risk, but rather a combination of both frequency and magnitude is 
more informative (Tsakiris, 2007). 

The simulation tool has the ability to perform a risk assessment of various “loss” criteria such as 
overflow and failing to satisfy demand for stormwater, allowing the user to evaluate the 
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effectiveness of a water management policy. The potential risk is calculated by costing long term 
simulations using the risk measure Conditional Value-at-Risk (CVaR). CVaR is defined as the 
expected value of loss given that the actual loss exceeds some significant Value-at-Risk (VaR) 
threshold and occurs with probability p (Rockafellar and Uryasev, 2000). In the simulation tool the 
user may define either the probability or the VaR threshold. The relationship between them is 
shown in equation (5). 

{ }VaRLossPr >=p  (5) 

( )VaRLoss|LossECVaR >=  (6) 

For example, if the user has defined a VaR threshold, then the simulation tool will find the 
percentage of time (over the time-horizon) that the system recorded a loss greater than this 
threshold and is displayed as the probability. The CVaR is then the average of all the observed loss 
values that are greater than the VaR (equation (6)), indicating the expected magnitude when such a 
loss occurs. The results (p, VaR, CVaR) are displayed to the screen together with a histogram of the 
losses observed from the simulation as shown in Figure 6A. 

This information could also be extended by the user to evaluate a dollar value for the loss, such 
as lost revenue from failing to supply sufficient stormwater to customers. 

3.2 Stochastic convergence 

Another feature of the simulation tool is the Comparison Mode (see Figure 6B for a screenshot) 
which compares two identical systems, with different initial states, subject to the same runoff inputs 
and demands. The simulation shows that two such systems, one initially full and the other empty, 
will converge to the same state and stops running when this occurs. This is called the stochastic 
convergence of the system and is measured by time-scales, that is, the number of days taken for the 
two systems to reach the same state. The time-scale is given as an indication of how a system 
recovers from an extreme event, such as flooding and drought. Systems with very long time-scales 
may be difficult to manage. The time-scales and stochastic equilibria are dependent on the 
parameters of the system such as storage capacities and pumping rates. A more comprehensive 
explanation about this feature is given in Thomas et al (2007). 

    

Figure 6: A) Screenshot of the risk assessment feature of the simulation tool where CVaR is calculated;  
B) Screenshot of the Comparison Mode of the simulation tool 
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4. SIMULATION RESULTS/INVESTIGATIONS 

A number of scenarios of the Helps Road Drain system were investigated using the simulation 
tool. Each simulation started with the storages and aquifers empty on January 1st 2009 and was run 
over a time-horizon of 5 years (1826 days). The characteristics of the system’s performance were 
observed and a risk assessment of supply shortfall and overflow (flooding) was calculated with a 
Value-at-Risk of 2ML. The average results are summarised in Table 2. 

Across all the scenarios it was observed that reducing the pumping rates decreased the time-
scales of convergence indicating that the approximate time for the system to return to normal after a 
drought or flood was decreased. 

4.1 Investigation 1: Original configuration 

The first scenario considered the proposed configuration of the Helps Road Drain system as 
described in the previous sections of this paper. It was observed that the Kaurna Park wetland was 
often empty during the summer through to March-April. At this site significant amounts of water 
had to be extracted from the aquifer in order to satisfy demand. The Edinburgh Parks South wetland 
also emptied on occasion but not as often as the Kaurna Park wetland. The level of water at the 
Springbank Waters wetland would get close to capacity during the winter, increasing the risk of 
overflow. However there was only ever one case of daily overflow in the simulation runs. Since the 
wetland is located in a residential area the consequences of overflowing are greater and some 
measures may need to be put in place to reduce the risk of flooding. 

Overall the system performed well: satisfying demand and not overflowing. However a large 
quantity of water was stored in the aquifer over the 5-year simulations which may not be feasible 
and may compromise the condition of the water table. These results suggest that the pumping rates 
may be reduced whilst maintaining flows, satisfying demand and injecting reasonable amounts of 
stormwater into the ASR system. 

4.2 Investigation 2: Reduced pumping rates 

In this scenario the pumping rates for the Edinburgh Parks South and Kaurna Park wetlands were 
reduced to 30 and 20 L/s, respectively. Once again the Kaurna Park wetland was observed to be 
emptying during the summer months but not as often as in the first scenario. If the emptying of the 
wetland became a serious problem the council would have to consider implementing a minimum 
level at which pumping may occur at the site and hence not completely empty the wetland. The 
level of water at the Springbank Waters wetland was again approaching its capacity as in the 
previous scenario. A possible step to reducing the risk of overflow at this site would be to lower the 
heights of the weirs in order to let more stormwater drain out and flow into the downstream Burton 
wetland. Demand was mostly satisfied with a monthly shortfall CVaR of 35.34 ML with an average 
of 3597.9 ML being stored in the aquifer after the 5-year simulations. 

4.3 Investigation 3: Unseasonably wet summers 

To evaluate the system’s ability to cope with extreme rainfall events a scenario where the 
simulated daily rainfall for the summer months was doubled was investigated. The pumping rates 
were set to the values described in the first scenario. The Kaurna Park wetland continued to empty 
during the summer but naturally not as much as in the first scenario due to the increase in rainfall 
now considered. Nevertheless, it gave further support to the proposal of a minimum level for 
pumping to be installed at the site. A reason behind the emptying could be that the wetland has a 
relatively low weir height. If it were raised then the outflows wouldn’t be as large, resulting in the 
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wetland not emptying as often and the downstream Springbank Waters wetland not approaching its 
capacity as often, thus minimising the risk of flooding. 

The greater rainfall in this scenario resulted in greater amounts of stormwater being harvested 
and hence demand was almost always met. However large amounts of water were being stored in 
the aquifer (an average of 10460 ML after 5 years) which may be infeasible. A reduction in the 
pumping rates may alleviate this problem. 

4.4 Investigation 4: Unseasonably wet summers with reduced pumping rates 

The next scenario investigated was the same as above except with the reduced pumping rates of 
the second scenario. In this case it was observed that all the storages maintained a level of water 
above the height of the weir resulting in the reaches almost always containing water. This may be 
undesirable as the reaches never emptied to maintain environmental flows through the catchment. 
This issue aside, demand was always satisfied, the contents of the aquifer seemed reasonable and 
the overflow from the system was minimal. 

4.5 Investigation 5: Unseasonably dry winters 

The fifth investigation considered the extreme of an unseasonably dry winter where the 
simulated daily rainfalls for June, July and August were halved. The pumping rates were as defined 
in the first scenario. In this case, although the demand was always satisfied, huge amounts of water 
were being stored in the ASR system over the 5 year time-horizon with an average of 8835.5 ML. 
With the reduction in winter rainfall it was observed that the Edinburgh Parks South and Kaurna 
Park wetlands were emptying during the autumn months and sometimes in winter. Once again, a 
reduction in pumping rates may reduce the frequency of the storages emptying and large amounts of 
water being injected into the ASR system. 

4.6 Investigation 6: Unseasonably dry winters with reduced pumping rates 

The final scenario investigated was the same as above but with the reduced pumping rates of the 
second scenario. Demand for stormwater from the system was almost always satisfied and an 
average of 3580.7 ML was stored in the aquifer over the 5 years. During winter the water levels 
hovered just above the weirs and during the summer flows were mostly maintained with the Kaurna 
Park wetland only emptying once or twice. 

Table 2: Average simulation results 

  Inves. 1 Inves. 2 Inves. 3 Inves. 4 Inves. 5 Inves. 6 

p (%) 2.42 6.06 0.61 1.21 4.24 5.45 Supply shortfall 
VaR = 2 ML CVaR 35.31 35.34 7.74 12.14 29.11 31.79 

p (%) 0.054 0 0 0.055 0 0 Overflow 
VaR = 2 ML CVaR 4.64 NA NA 2.27 NA NA 
ASR contents after 5 yrs (ML) 9552.3 3597.9 10460 3759.2 8835.5 3580.7 

EPS 3.97 9.38 23.18 0.00 24.49 5.85 ASR extraction totals 
(ML) KP 385.53 55.04 192.17 3.93 400.6 56.64 

EPS 1753 1777 1764 1809 1743 1782 Harvest days over 5 
yrs (1826 days) KP 1388 1710 1550 1796 1314 1709 

EPS 99.75 98.71 100 99.75 99.75 99.76 Satisfied supply over 5 
yrs (%) KP 96.33 92.43 99.39 98.32 95.1 92.69 
Time-scales of convergence (days) 234 216 231.4 208.2 295.8 267.4 
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5. CONCLUSION 

The SVG simulation tool has been used to investigate the performance of the Helps Road Drain 
urban stormwater harvesting system. Consisting of five inline storages and an ASR system the 
system was analysed under different scenario simulations and their characteristic behaviours were 
observed. 

The original (proposed) system configuration of the system performed quite well but resulted in 
large amounts of water being stored in the aquifer. For both scenarios of ‘wet summers’ and ‘dry 
winters’ it was observed that reducing the pumping rates still satisfied demand for stormwater and 
resulted in more feasible amounts of water being stored in the ASR system. 

Furthermore, these investigations raised some possible issues especially with potential 
overflowing/flooding and the significant emptying of the Kaurna Park wetland. In some cases 
possible solutions were suggested, such as applying a minimum level for pumping in the storages 
that tend to empty too often. 

This is only an initial analysis of the Helps Road Drain system and further investigations are 
necessary to provide a more comprehensive analysis of the system. Work is also already underway 
to incorporate more features into the model and simulation tool such as evaporation factors, a 
minimum level for pumping, reach losses, and a more appropriate method of applying a delay 
between storages using a range of values. 
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