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This paper presents systems analysis of climate change and population growth scenarios, and 
management options for the Ballarat region of Victoria which is dependent on groundwater and bulk 
water allocations from the Moorabool, Campaspe, Goulburn, Loddon and Yarrowee River catchments, 
and includes towns and irrigation districts. Detailed local inputs, such as demographics, land uses and 
human behaviour, and linked water supply, sewage, stormwater, economic and environmental 
considerations, were utilised to build systems analysis based on local scale behavioural inputs (bottom 
up) rather than traditional analysis of water resources based on regional scale assumptions and 
averages. This approach was able to reproduce historical water cycle behaviours and revealed the 
economic trade-offs created by climate change, high population growth and management options. 

1 INTRODUCTION 

A bottom up systems analysis of connected rural and urban systems was undertaken to understand 
the economic and environmental trade-offs across Victorian regions in response to climate change 
and selected management options. The Ballarat region was previously examined as part of a policy 
process for the Victorian government. It interacts with irrigation districts and towns via water 
extractions from the Moorabool, Campaspe, Goulburn, Loddon and Yarrowee river catchments that 
are subject to different climate regimes (Figure 1) and involves transfers of water from the Goulburn 
River to White Swan Reservoir in the Ballarat Water District for water security (Figure 2).  

 

Figure 1: Spatial distribution of rainfall 
depths 

 

Figure 2: Connection of the Ballarat region to surrounding 
regional water systems 

These shared regional water resources are also subject to management by Southern Rural Water, 
Goulburn Murray Water (GMW), Coliban Water and the Murray Darling Basin Authority (MDBA). This 
paper focuses on the interdependent responses of the Ballarat Water District and multiple connected 
regions to climate and population stresses and management opportunities, and demonstrates the 



 

capacity of the Systems Framework described by Coombes and Barry (2015) to provide 
understanding trade-offs across scales.    

2 BACKGROUND AND METHODS 

The Systems Framework was utilised to examine the behaviour of the Ballarat Water District which 
was described by 144 State Suburbs in 7 local government areas within significant river basins 
managed by 5 Catchment Management Authorities. The spatial and temporal detail within the 
Systems Framework permits understanding, reproduction and testing of the complex interactions 
between waterways, reservoirs, operations, water demands, water restrictions and financial processes 
across connected regions. 

2.1 The Systems Framework 

The Systems Framework incorporates local scale (people, buildings and land use) inputs as a bottom-
up process that is a fundamental element of the method. The analysis is constructed from these basic 
elements and is anchored on detailed “big data” inputs, such as demographic and socioeconomic 
profiles, topography, climate and economic behaviours, and linked systems that account for water 
demands, water supply, sewage flows, stormwater runoff, water quality and environmental 
considerations. The Framework uses continuous simulation of local behaviors that interact to span all 
relevant spatial and temporal scales from household or land use to city to national and global scales. 
The process includes multiple replicates (100 replicates used in this study) of climate sequences and 
linked responses that yield a probabilistic understanding of system behaviour and risks, rather than a 
single, static solution. This includes water use and associated linked generation of wastewater and 
stormwater runoff at the local scale, distribution infrastructure and information at sub-regional or 
precinct scales. These processes are accumulated into regional behaviours associated with 
infrastructure such as water extractions from dams and discharges of sewage to wastewater treatment 
plants and, ultimately, to receiving waters. A general overview of the hierarchy that corresponds to the 
Systems Framework is presented in Figures 3 and 4.  
 

 

Figure 3: Overview of the linked scales in 
the Systems Framework 

 

Figure 4: Overview of the hierarchy of linked scales and 
feedback loops in the Systems Framework 

Figure 4 illustrates that the scales of analysis are linked by a hierarchy of processes that are modified 
by feedback loops. For example, climate dependent behavioural water demands at the local scale are 
impacted by water restrictions or water allocations applied at the catchment scale, and climate and 
economic processes from the regional scale. In turn, these events impact on availability of water and 
financial processes which influence economic and policy outcomes, and provision of infrastructure.  

2.2 Local and regional systems 

The Ballarat Water District is connected to the Goulburn and Campaspe rivers, and associated 
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irrigation districts via the Goldfields Pipe as shown in Figure 5. The Ballarat region also interacts with 
the irrigation districts via water extractions from the Loddon, Campaspe and Goulburn river basins. 
Historical data from GMW (2014) was employed to describe the regional water system including Lake 
Eppalock, Warranga Basin and Goulburn Weir, water allocation and environmental flow rules, and 
irrigation demands included in the Systems Framework. Detailed spatial information provided by 
Central Highlands Water (CHW, 2012) was used to construct the local trunk water supply network that 
sources water from the water storages and run-of-the-river extractions in the headwaters of the 
Yarrowee and Moorabool river systems, and from groundwater as presented in Figure 6. 
 

 

Figure 5: Connected regional water systems 

 

Figure 6: Local water network in the Ballarat Water 
District 

Figure 6 also highlights that the local scale in the analysis was state suburbs sourced from the 
Australian Bureau of Statistics (ABS, 2011). VicMap data, aerial images and the Victorian Land Use 
Information System was used to define ten categories of land uses within each suburb. Inputs to the 
local scale simulations included three dwelling types (detached, semi-detached and units) and five 
household sizes (1 person to 5+ people). These local residential land uses were combined with non-
residential land uses including agricultural, commerce, industry, education, medical, parks, irrigated 
parks and transport. The water use of each dwelling and other land uses in each suburb were 
determined using long-term quarterly water billing data from CHW, local climate from the Bureau of 
Meteorology (BOM, 2013), socioeconomic and demographic data from the ABS, and continuous 
simulation at sub-daily time steps as outlined by Coombes and Barry (2018). An example of the 
calibration of residential water use is shown in Figure 7. 

 
Figure 7: Example of calibration of residential water use at Ballarat Central Suburb using quarterly 

billing records for a period without water restrictions 

 
Figure 7 demonstrates that the local scale model was able to reproduce the patterns and magnitude of 
water use from the residential dwellings in the suburb. The local scale model produces continuous 
data (6 minutes intervals) than is converted to long sequences of daily water demands, wastewater 
discharges and stormwater runoff for each dwelling type and household size, and for each land use. 
The local scale also accounts for the presence of rainwater harvesting and water efficient appliances 
that apply to buildings or properties across the region as defined by the detailed spatial information 
provided by the ABS (2013). During the period 2007 to 2013, the presence of rainwater harvesting 
systems at urban buildings increased by 19% to 13500; water efficient clothes washers at buildings 
increased by 30% to 27300, dual flush toilets increased from 76% to 91% of buildings, use of 
greywater declined to 40% of properties and use of ground water from bores at properties increased to 
6%. These sequences of outputs were combined using non-parametric aggregation conditioned on 
demographic and climate data to form base demands that are incorporated as water cycle profiles for 
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each suburb for use in network and regional scales processes that may modify the base demands into 
ultimate supply sequences. The spatial detail of wastewater networks with treatment plants (Figure 8) 
and waterways with local water supply reservoirs (Figure 9) in the Ballarat Water District were also 
included in the Systems Framework.  
 

 

Figure 8: Local wastewater network 

 

Figure 9: Local waterways and reservoirs 
 
Figure 8 shows that the Ballarat Water District includes two major sewerage catchments and treatment 
plants that discharge to the Yarrowee River (Ballarat South Sewer Treatment Plant [STP]) and to 
Burrumbeet Creek (Ballarat North STP). A number of smaller STPs are located near Cardigan Village 
and Creswick. The systems model utilized spatial layers of land uses, state suburbs, wastewater 
infrastructure and waterways to connect proportions of land uses in state suburbs to trunk sewerage 
infrastructure and waterways throughout the district. Figure 9 demonstrates that all key waterways, 
storages and associated catchments are also incorporated in the systems model. The rainfall-runoff 
behavior of land uses in each suburb contributes to streamflow into each connected waterway at the 
sub-catchment nodes presented in Figure 9 as yellow triangles. For example, the Yarrowee River 
passing through Ballarat is represented by 5 reservoirs or weirs upstream of the city of Ballarat and 6 
sub-catchment nodes below the city. The bottom-up systems process is essential to ensure that the 
connectivity of spatial locations and order of actions (such as harvesting from water supply reservoirs 
upstream of the Ballarat which reduces streamflow through the city and then discharge of wastewater 
into the river downstream of the city) is captured to provide understanding of relative processes.    

2.3 Scenarios and Options 

The systems analysis of the Ballarat region includes a range of scenarios and options that were 
selected to test the performance of water cycle systems across the region in response to behaviors in 
the Ballarat Water District. The Base Case (BAU) is defined as continuing with current water cycle 
management processes that are subject to the trajectory of current and historical climate processes. 
Analysis of BOM data revealed that historical weather patterns are not stationary with mean 
temperatures increasing by 0.005 – 0.01°C/a, average annual rainfall declining by 0 – 0.5mm/a and 
average annual evaporation increasing by 0 – 2.5mm/a. The Intergovernmental Panel on Climate 
Change (IPCC, 2014) outlines growing confidence in projections of changes in annual to decadal 
average temperature. A climate change (CC) scenario is also tested by using incremental increases in 
mean temperature to force the responses of climate and streamflow replicates that drive behavior of 
the systems model. The spatial population growth across the region was defined by the Victoria in the 
Future estimates (VIF, 2012) provided by the Victorian Government. The scenarios that were 
investigated in this study are outlined in Table 1.   
 



 

Table 1: Overview of Scenarios 

Scenario Description 

Base Case (BAU) 
Continue with current water cycle management processes and behaviours 
that are subject to the trajectory of current climate processes 

Climate Change (CC) 
High emissions climate change as defined by the fifth report by the IPCC as 
a rate of increase in average temperature of 0.05°C/a 

High Growth (HG) 
High population growth as defined by the Victoria in Future 2012 (VIF 2012) 
forecast population for 2051 achieved at 2041.  

High Growth with Climate 
Change (HGCC) 

High population growth with high emissions climate change 

 
A range of interventions at local scale (water efficiency, rainwater harvesting and green infrastructure 
[BC2]), network of catchment scale (stormwater harvesting [SWH] and wastewater reuse [WWR] and 
across scales (combined options [IWCM]) were investigated to understand potential improvements in 
the resilience of regional water resources as presented in Table 2.  
 

Table 2: Overview of Management Options 

Option Description 

BC2 Rainwater harvesting and highest level of water efficiency adopted in all new and 
substantially renovated buildings. Include 5 m

3
 of vegetated stormwater storage for 

each new and substantially renovated building (this could be street trees, bio-retention, 
landscaping or similar)  

IWCM Rainwater harvesting for non-drinking indoor uses and highest level of water efficiency 
adopted in all new buildings. Wastewater reuse via a third pipe network for toilet, 
outdoor and open space uses. 

SWH Stormwater harvesting from all impervious surfaces, stored and treated to supplement 
water supply for all new buildings. The highest available level of water efficient 
appliances and water efficient gardens. 

WWR Wastewater reuse via a third pipe network for toilet, outdoor and open space uses at 
all new buildings. The highest available level of water efficient appliances and water 
efficient gardens.  

2.4 Finances and economics 

Historical financial costs of management of water resources were constructed from data and reports 
provided by the development industry, government agencies, regulators, water utilities and the 
National Water Commission. A detailed explanation of the economic methods is presented in 
Coombes and Barry (2014a). A bottom up dynamic economic framework was utilized for a planning 
horizon from 2012 to 2055 and a discount rate of 5% was used. Spatial costs of providing local scale 
infrastructure derived from tenders for construction of housing estates in the Ballarat region were 
combined with spatial annual water demands and sewage discharges from Central Highlands Water 
records, and spatial annual stormwater runoff volumes from hydrological analysis. The economic 
analysis recognises that new properties will require services via local infrastructure regardless of the 
status of regional water demands, stormwater runoff or sewerage discharges. These local capital cost 
profiles were included in the systems model as a function of volumetric costs and new development.  
 
Intermediate scale infrastructure was defined as infrastructure that is not at a local or bulk “headworks” 
scale and is typically referred to as trunk network infrastructure. Forensic analysis of historical 
expenditure patterns published in annual reports and from data provided by Central Highlands Water 
and City of Ballarat, was utilised to determine the costs and timing for installation, operation and 
renewal for intermediate or trunk scale water, sewage and stormwater infrastructure. The expenditure 
patterns revealed that this infrastructure is installed to service new urban precincts and for associated 
augmentation of existing trunk infrastructure at longer time intervals than local infrastructure, in 
response to new urban growth areas or increases in urban density. Capital costs for water and 
sewerage were described by increases in flow volume at 1000 ML intervals, and as costs per annum 
for stormwater infrastructure. The investigation revealed that the medium-run fixed costs of the 



 

regional water utility were less than 20% of total net present costs. Operational and renewal costs 
were described as volumetric costs. The analysis also includes capital, renewal and operational costs 
of the management options that were triggered with annual new growth and renovation rates obtained 
from ABS data. The Goulburn and Murray and Broken Creek allocations are accessed via the 
Colbinabbin pump station in the Goldfield pipe connection and the Campaspe allocation is accessed 
from Lake Eppalock. The operating costs derived from Central Highlands Water data and bulk water 
charges provided by GMW were combined for use in the Systems Economic Framework. The Bulk 
Water charges were described as operating, resources and allocation volumetric costs. Bulk water 
allocations were limited by water licenses, rules in water sharing plans, availability of water in 
storages, environmental flow requirements and capacity of infrastructure. Rural and urban water uses 
were also subject to water restrictions triggered by availability of water (see Coombes and Barry, 2014 
for details of the systems analysis of hydrology and water resources)  

3 HINDCASTING AND VALIDATION 

Hindcasting uses the Systems Framework to simulate performance of water cycles, urban areas and 
finances throughout a period of known historical behaviors. A hind casting period from 2000 to 2012 
was chosen that best represented the availability of observed data (water use and water volumes in 
reservoirs) to test the efficacy of the systems analysis. The System Framework uses sequences of 
daily water uses as inputs to network analysis and applies water restrictions that alter water use to 
modify water demands. In addition, the Systems Framework also includes losses of water from 
infrastructure via leaks and unmetered water use to determine the supply of water to the region. 
Predictions of historical water use and water restrictions are presented in Figures 10 and 11.  
 

 

Figure 10: Observed and predicted urban water use 

 

Figure 11: Predicted urban water restrictions 
Figure 10 demonstrates that the Systems Framework successfully reproduced the patterns of water 
demands for the Ballarat Water District which indicates that the behavioral water use, water restriction 
policies and uptake of water efficiency in the model was robust. Figure 11 shows the predicted 
maximum reduction in water demands due to water restrictions was during the 2007-08 water year. 
Reductions in urban water demand due to water efficiency and rainwater harvesting of 1620 ML. By 
2012, the total reductions in household water use due to water efficient appliances and rainwater 
harvesting was 1920 ML and 2300 ML. These results were consistent with CHW (2014) billing records 
and ABS (2013) water efficiency data, and showed how the district dramatically reduced water use in 
response to drought and population growth. The daily sequences of predicted water volumes in the 
Moorabool and Lal Lal Reservoirs, Lake Eppalock and Warranga Basin are compared to observed 
storage volumes in Figures 12 to 15.   
 
Figures 12 and 13 reveal that the Systems Framework was able to reproduce water balances in the 
upstream Moorabool reservoir and at the downstream Lal Lal Reservoir on the Moorabool River that 
also supplies Geelong, local irrigators and environmental flows. Figures 14 and 15 demonstrates a 
robust reproduction of water balances in Lake Eppalock that also supplies Campaspe irrigators, 
Bendigo and Maryborough, and in the Warranga Basin that serves irrigation districts and towns 
dependent on the Goulburn River. These results indicate that the Systems Framework successfully 
reproduced linked local and regional hydrology, water use, operating and policy outcomes. The 
historical sequences of the components of the water balances and finances are presented in Figures 
16 and 17. 



 

 

Figure 12: Predicted and observed water volumes 
in Moorabool Reservoir 

 

Figure 13: Predicted and observed water 
volumes in Lal Lal Reservoir 

 

Figure 14: Predicted and Observed water volumes 
in Lake Eppalock 

 

Figure 15: Predicted and observed water 
volumes in Warranga Basin 

 

Figure 16: Historical water balances of the Ballarat 
Water District 

 

Figure 17: Ballarat Water District finances 

Figure 16 shows the historical decline in water sourced from local Yarrowee and Moorabool rivers with 
increased use of water from Lake Eppalock, Warranga Basin and groundwater during the drought. 
This coincides with significant reductions in urban water use and sewerage flows, and significant 
volumes of stormwater runoff. Figure 17 shows that the Systems Framework successfully reproduced 
the total water cycle costs across the Ballarat Water District. These results provide confidence in 
reliability of the predictions of the future impacts of scenarios and options on the region. 

4 RESULTS AND INSIGHTS 

The economic impacts of scenarios and management options are presented in Table 3. The climate 
change scenario increased costs of providing water and sewerage services, and local solutions in 
response to diminished availability of water and increased water demands. Reductions in stormwater 
runoff decreased costs of managing stormwater runoff and regional waterways. The High Growth 
scenario generates substantial increases in net present costs for all criteria. The local management 
option (BC2) requires higher costs of local solutions and stormwater management to reduce water, 
sewerage and waterways costs. The regional management options SWH and WWR increase costs of 



 

local solutions to provide significant reductions in waterway, water and wastewater costs. A multi-scale 
strategy IWCM increases costs of local solutions in exchange for lower costs for all other categories. 
Table 4 shows the distribution of net present costs across jurisdictions.  

 
Table 3: Net present costs of scenarios and management options 

Scenario 
or Option 

Net Present Cost ($m) versus reduction in costs (%) 

Water Wastewater Stormwater Waterways Local solutions 

BAU 730 (0) 710 (0) 320 (0) 7500 (0) 90 (0) 

CC 780 (+6) 740 (+5) 310 (-3) 7410 (-1) 90 (+3) 

HG 830 (+13) 1270 (+12) 340 (+11) 8090 (+8) 100 (+10) 

HGCC 850 (+15) 810 (+16) 350 (+12) 8140 (+9) 100 (+10) 

BC2 760 (-12) 670 (-6) 330 (+6) 6720 (-10) 160 (+69) 

IWCM 630 (-15) 650 (-8) 310 (-2) 6180 (-17) 190 (+108) 

SWH 580 (-21) 680 (-5) 320  (0) 6640 (-12) 110 (+19) 

WWR 710 (-3) 650 (-8) 320 (0) 7050 (-6) 140 (+53) 

 
Table 4: Net present costs for each jurisdiction 

Jurisdiction 
Net Present Cost ($m) 

BAU BC2 SWH WWR IWCM CC HG HGCC 

Water authority 1370 1300 1200 1320 1240 1450 1540 1570 

Local Government 80 90 80 80 80 70 90 80 

Developers 180 210 180 200 200 180 230 220 

Citizens 50 100 50 50 100 50 60 120 

Society 2420 1870 1720 1750 970 2710 2980 2990 

Total 4110 3570 3240 3410 2590 4460 4900 4970 

 
Table 4 shows that climate change and high population growth produce the highest total costs, and 
higher costs are faced by the water utility for provision of water and sewerage services, and to whole 
of society via impacts on waterways. High population growth creates higher costs across all 
jurisdictions. The management options significantly reduce total costs of managing water resources 
and the lowest total costs are created by the multi-scaled IWCM strategy with diversity of solutions. 
Reduced local demands for water with diminished discharges of wastewater, stormwater and 
associated pollution to waterways generated by the management options reduces future costs. A 
bottom up Systems Framework approach enabled analysis of local and regional water resources, 
urban settlements and irrigation districts in a single model which revealed economic trade-offs and 
successfully reproduced historical behaviours.  
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