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• Interdisciplinary analysis of long term water supply planning incorporating economic, social and environmental variables.
• Comparison of dam and desalination costs
• Sensitivity of planning to social discount rate, water security index, population growth and scale of capital investment
• Over long term, desalination is a more cost effective supply augmentation alternative.
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Water resourcemanagers and planners are continually involved in defining and evaluating alternative policies to
better meet changing water supply conditions and the expectations of society. To undertake such long-term
water supply planning, this study developed a novel integrated system dynamics model to combine economic,
social and scientific variables and considerations within the planning horizon. Extensive sensitivity analysis for
these variables was considered in this long term water resource planning process. The analysis suggests that
over a longer time horizon, desalination provides amore viable, cost effective and secure bulkwater supply alter-
native when compared to building large rain-dependent dams.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

Security of water for urban cities is an increasingly complex issue for
water planners. Water management and optimisation is considered to be
one of themost important issues to be resolved as water demand and avail-
ability vary significantly from year to year [22]. Resulting from declining and
increasingly variable surfacewater supply andgrowingwater demand,many
urban water utilities are contemplating or have already made additional in-
vestments in less rain dependent supply sources [14]. This paper addresses
the research question of determining the combination of rain dependent
and rain independent water sources that most efficiently provides water
security for a growing urban city. A systemdynamicsmodelling approach
which combines economic, social and environmental variables has been
used to explore the sensitivity of water planning to specific variables.

The system dynamics model provides a robust platform for demonstrat-
ing interactions between various factors over time [28,29].

A strength of this modelling approach is that the sensitivity of the
model to the baseline assumptions can be explored. Our aim in this
paper is to explore the sensitivity of themodel to key assumptions, par-
ticularly those regarding economic variables such as the social discount
rate and water supply variables such as the water security index. The
water security index is an index of the ratio of water storage to annual
usage. This measures the storage buffer available as a contingency for
low rainfall years. The combination of economic and environmental
variables in the model reflects the interdisciplinary nature of the re-
search. The aim of the sensitivity analysis is to provide policy-makers
with in-depth analysis on the life cycle influence of key economic and
environmental parameters on the performance of water infrastructure
alternatives. The system's modelling incorporating sensitivity analysis
ensures that more informed water infrastructure decisions are made
in the context of long term water planning.

The question being addressed is themost efficient means of attaining
long term water security that is at minimum average cost. Incorporated
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in the analysis is the question of the preferred mix or trade-off of cost and
security that planners feel meets the needs of the community, given un-
certainty ofwater supply due to rainfall. Economic theory suggests that in
long termwater projections, the pricing of water should be equivalent to
the long run marginal cost of the provision of water. Hence, the aim of
planning has generally been to secure water at lowest long runmarginal
cost. A limitation in striving to achieve this goal is the imperfect knowl-
edge which is a feature of the preferences and the constraints of buyers
and producers of urbanwater as well as policy-makers [13]. As discussed
by Ghaffour et al. [15] there is a need to develop a structured and trans-
parent procedure for water supply modelling which illustrates the sensi-
tivity of results to economic parameter estimates. The modelling
approach of this research builds on this literature by enhancing the infor-
mation available to policy-makers with the aim of facilitating welfare
maximising decisions when determining water infrastructure require-
ments and planning.

The paper is structured as follows. Section 2 provides the back-
ground to the case study. The modelling is outlined in Section 3,
which includes, the underlying assumptions, results and sensitivity to
particular variables. Section four discusses these findings and their
implications for future water planning and section five concludes the
paper.

2. Background to the case study

The millennium drought in south east Australia between 1997 and
2009 led to investment in rain independent water infrastructure in
five Australian states [12]. In Melbourne, which is a rapidly expanding
city and the capital of the state of Victoria, the drought led to the deci-
sion to invest in a 150 GL per annumdesalination plant. The investment
was part of a $A4.9 billion plan to secure water supplies in Victoria [11].
With a population of over 4.2 million and current population growth of
over 2% per annum, community pressure for security ofwater supply in-
tensified. Hence, a critical aspect of this infrastructure decision was the
desire for security of the water supply for the urban population. During
much of this period the urban population experienced restrictions on
the availability and use of water. The volatility of the water supply is
evidenced by the fact that the standard deviation of the annual inflow
for Melbourne reservoirs is about 45% of the average annual inflow [13].

The nature of this volatility of inflows in the model highlights the
importance of including the water security index in the analysis and
incorporating the significant difference between the two water options
in terms of the degree of water security associated with different infra-
structure decisions.

Given that this investment has now been undertaken, there is a pe-
riod of time before further water augmentation decisions need to be
made. This provides the opportunity for reflection of past decisions
and planning for the future by examining the issues associated with fu-
ture water augmentation infrastructure decisions. A comprehensive
analysis of future water augmentation decisions needs to include de-
mand management, portfolio choice of additional investment in infra-
structure, and the timing and scale of investment in additional supply.
These issues are addressed in the following model.

With current projections, particularly regarding population growth
and climate variability, there is a looming gap between increasing
water consumption and declining water supply in Melbourne. Hence
the question arises as to the least cost, most achievable means of meet-
ing these forecast future supply and security constraints.

Rain dependent alternatives to supply augmentation generally come
under two headings; the construction of dams to meet water require-
ments or extraction from groundwater and/or river water supplies. In
the case of Melbourne, the latter option is not currently a realistic alter-
native, given constraints, including political, on using the new pipelines
for inter-basin transfers. Thus we have only canvassed the building of
dams as a viable rain dependent future water supply for Melbourne.
The viability of future dams raises issues such as site availability and

environmental impacts and costs and these issues are discussed in
section four.

There are two main rain independent alternatives to supply aug-
mentation; investment in desalination and demand management
policies such as water restrictions. Research into the willingness of con-
sumers to pay for security of supply suggests that households have sig-
nificant preferences and willingness to pay to have security of water
supply and to avoid the imposition of water restrictions [6,9,17,18,19].
Willingness to pay to avoid restrictions is shown to increasewith the se-
verity and duration of restrictions andmay be as high as half the current
water bill and, as expected, varies considerably between households. In
terms of long term water demand and supply, restrictions are not a
viable long term alternative for meeting impending water shortages as
it is not feasible that demand could be sufficiently reduced to meet
constrained supply levels. Similarly, the price elasticity of demand for
water is too low for price mechanisms to be applied to reduce demand
by the requiredmagnitudes. Hence, this paper focuses on comparison of
the predominate rain dependent long term water supply option for
Melbourne— the construction of dams and, the viable rain independent
alternative — the construction of desalination capacity. The limitations
associated with this approach are discussed in Section 4.

3. Modelling

3.1. Baseline assumptions

The Systems Dynamics Modelling used in this study provides a ro-
bust platform for analysing the interactions between variables influenc-
ing water demand and supply, and for exploring the sensitivity of the
results to the economic, social and environmental assumptions. It is a
powerful tool for informing policy-makers seeking to undertake long
term planning of water supply augmentation decisions and has been
used for long term planning in a range of fields. (For a summary see
[28,29].)

Systems Dynamic Modelling is a powerful methodology and com-
puter simulationmodelling approachwhich can be used for exploration
of different options and understanding the long-term implications of
management decisions. The system diagram used in this project
for analysing the water resource planning situational context for
Melbourne is illustrated in Fig. 1. The systems dynamicmodel simulates
current and future water supply and demand by considering the effects
of factors such as population growth, climate triggered variability in
water supply and the potential portfolio mix of rain-dependent dams
and rain-independent desalinated water supply. For this analysis, the
systems dynamic model was built using Vensim® DSS [34] with as-
sumptions for parameters and responses drawn from available litera-
ture and a range of experts from academia, private consulting firms
and government water agencies. The status quo model parameter in-
puts for the case study city of Melbourne are summarised in Table 1.

The population estimate of 4.25 million is based on Australian Bu-
reau of Statistics estimates of Melbourne's population as at June 30,
2012 [3]. A default conservative rate of population growth of 1.25%
has been used based on estimates from the Victorian government [32]
. Based on historical usage patterns water use is assumed to be 250 L
per person per day, with 150 L being based on residential use and
100 L based on non-residential use [24]. The current dam water supply
capacity is 1812GL [2] and the currentWonthaggi desalination plant ca-
pacity is 150 GL per annum. Although the major dams supplying Mel-
bourne are near full capacity as a result of a few consecutive years of
normal rainfall, in the last decade it reached a low of approximately
30% of full capacity.

Construction and operation of desalination plants require substan-
tial investments and vary region to region [10]. Accordingly, the cost
of desalinated water depends upon many factors such as desalination
method, the energy source, the water salinity and the size of desalina-
tion plant [21]. From a cost perspective, in this paper, the capital cost
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