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This paper details a system dynamics model developed to simulate proposed changes to water gover-
nance through the integration of supply, demand and asset management processes. To effectively
accomplish this, interconnected feedback loops in tariff structures, demand levels and financing capacity
are included in the model design, representing the first comprehensive life-cycle modelling of potable
water systems. A number of scenarios were applied to Australia's populated South-east Queensland
region, demonstrating that introducing temporary drought pricing (i.e. progressive water prices set in-
verse with availability), in conjunction with supply augmentation through rain-independent sources, is
capable of efficiently providing water security in the future. Modelling demonstrated that this alternative
tariff structure reduced demand in scarcity periods thereby preserving supply, whilst revenues are
maintained to build new water supply infrastructure. In addition to exploring alternative tariffs, the
potential benefits of using adaptive pressure-retarded osmosis desalination plants for both potable water
and power generation was explored. This operation of these plants for power production, when they
would otherwise be idle, shows promise in reducing their net energy and carbon footprints. Stakeholders
in industry, government and academia were engaged in model development and validation. The con-
structed model displays how water resource systems can be reorganised to cope with systemic change

and uncertainty.

© 2014 Elsevier Ltd. All rights reserved.

1. Socio-environmental system context

Potable water security is a growing concern, as population
growth, development and climatic change increasingly limit the
potential of traditional rain-dependent sources for augmenting
supply. This poses new challenges to the governance of potable
water resource systems.

Whilst Australia may appear abundant in its water supply, only
utilising approximately 5% of its total renewable freshwater re-
sources (SoE, 2013), it faces gross geospatial supply-demand mis-
matches and is afflicted with the highest rainfall variability of any
continental region. As a consequence of this, Australia possesses
more water storage per capita than any other nation, and is heavily
reliant on surface water, which represents 95% of distributed supply
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(ABS, 2012). This reliance has already led to significant social and
economic consequences as a result of severe restrictions in the SEQ
region, as experienced during the recent ‘Millennium Drought’
from 2001 to 2009 (Pink, 2012; QWC, 2012b). Water shortages were
severe, with inflows reduced by over 70% in some years (Pittock and
Connell, 2010). This shaved more than 1% off the nation's economy
in 2002/03 (Australian Government et al., 2013), and similarly in
2006/07 (WEFWI, 2011), and led to water restrictions in many
major metropolitan areas. The lack of adequate mitigation mea-
sures was viewed publicly as a major failure of water management
(Killoran, 2013a), leading to a rush of new supply augmentation
solutions being implemented, many of which have been of limited
effectiveness (Stewart, 2011; Siems et al., 2013).

Thus, with future drought inevitable, endogenously driven wa-
ter governance change is already required. This need is com-
pounded by a consensus of expectation that exogenously driven
population growth and climate change will occur (Heggen, 2000;
Pink, 2012), which will exacerbate supply-demand mismatches. It
has been forecast that all Australian capital cities will face
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decreased average annual rainfall and increased average annual
temperatures for most climate change scenarios (Pearce et al.,
2007; ABS, 2012). Southern and eastern Australia, where the ma-
jority of the population resides, will experience a decrease in reli-
ability of water supply (CSIRO, 2012). The result of this will be a
decline in supply available for irrigation, domestic use and industry,
combined with heightened demand. Hennessy et al. (2007) con-
siders water security as one of the six key risks to Australia under a
changing climate, with stream flow expected to decline between 16
and 48%. While future water supply will likely be more variable, the
national population could nearly double in the next 50 years, with
the majority of this growth expected in the existing urban areas
(Sivertsen et al., 2012).

Rain-independent supply options, such as desalination plants,
can potentially alleviate water scarcity, ensuring a more reliable
supply. In order to be effective, these systems require long term
planning and guaranteed revenue streams; necessities which are
typically absent in times of water shortage. Currently, water
shortages result in progressively severe water restrictions and end-
use prohibition (i.e. no lawn irrigation), which reduce socio-
economic wellbeing (Grafton and Ward, 2008) and significantly
cuts government revenue streams (Jenkins et al., 2003). An avail-
ability based cost structure, as opposed to restrictions, can generate
the finances necessary to diversify the current water supply mix,
reducing reliance on surface water. Few studies have investigated
using progressive volumetric pricing linked to a regions' water
availability instead of restrictions, despite the negative social con-
sequences of the latter (Grafton and Ward, 2008).

The use of rain-independent supply sources, coupled with
scarcity pricing, alters existing relationships within potable water
resource systems. Desalination plants create new relationships,
including feedback (carbon emissions) to the driving exogenous
forces upon which the endogenously driven change (water gover-
nance reform) originates, which must also be assessed and
minimised.

This paper details a System Dynamics Model (SDM) developed
to explore methods to minimise South-east Queensland's (SEQ)
exposure to water shortages over the next 100 years, through
fundamental water governance reform, leading to system wide
changes. These changes to the system take 3 forms: (a) increasing
supply capacity with rain-independent supply; (b) changes to
demand management practices; and (c¢) asset management
optimisation. The model includes representation of anticipated
externally driven changes to the underlying system as time
progresses. Potential methods to minimise the negative impacts
of reform on the socio-environmental system are also
incorporated.

2. Approach to representing systemic change

Previous water resource system models have typically been
supply-side oriented. This research sought to integrate demand,
supply and asset management processes, to create a more holistic
representation of the coupled socio-environmental system, as
illustrated in Fig. 1 and discussed below. For the purposes of this
paper, asset management encapsulates both the financial in-
teractions influencing the management of water infrastructure, and
the operating procedures that determine the utilisation of this
infrastructure. Rather than solely relying on academic input for
system model conceptualisation and development, a range of
stakeholders including consultants, government officers and com-
munity representatives were involved in the process. They were
also consulted to determine the best way to display the various
outputs of the model to both water industry professionals and
laypersons.

Supply
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Fig. 1. Proposed approach to representing SEQ water resource system processes and
consequences.

2.1. Review of relevant modelling techniques

Water supply-demand systems, like most environmental sys-
tems, are complex and highly dynamic with many feedbacks and a
large number interdependent elements. To address such environ-
mental problems effectively, it is important and necessary that the
dynamic character and complexity of these systems are taken into
account. The ultimate goal of such analyses is to provide informa-
tion to improve the decision making process, particularly an
improvement in our ability to understand and evaluate environ-
mental problems. Simulation, as defined by Borshchev and Filippov
(2004), is the process of model execution that takes the model
through (discrete or continuous) state changes, over time. There-
fore, simulation modelling is a better answer for complex problems
to be analysed realistically and in detail, through its mathematical
simplicity and versatility.

Kelly et al. (2013) completed a recent comprehensive review of
five popular approaches (i.e. systems dynamics, Bayesian networks,
coupled component models, agent-based models and knowledge-
based models) for modelling integrated systems and produced
extensive guidance on the most appropriate methods to select for
particular system modelling problems. Following their guidance, a
further review of the two most suitable approaches for dynamic
modelling, namely, System Dynamics (SD) and Agent-Based
Modelling (ABM), was conducted. These are categorised into
distinct concepts of seeing and modelling time: discrete time and
continuous time. Underlying these approaches are control theory
and the complexity theory (Scholl, 2001a,b). The discrete concept of
time is based upon the distinction between time-points and finite
time intervals. In contrast, the continuous concept deals with
changes over time, based on infinitesimal mathematics. Mathe-
matically, continuous changes in an SD model are modelled by
differential equations or mathematical integration over time. Ac-
cording to Frenkiel and Goodall (1978), who identified the re-
lationships between major simulation techniques, a discrete
simulation is often appropriate for situations where the system
being studied contains a number of separate items, and each item
has its own characteristics and period of existence within the sys-
tem. In a discrete technique, changes in the state of the system are
conceptualised as taking place in discrete jumps, corresponding to
the arrivals, departures, or other critical changes in the status of the
individual items. In contrast, changes occur continuously and
smoothly in the continuous simulation technique.

Ossimitz and Mrotzek (2008) argue that although SD is gener-
ally considered to be a methodology based on continuous time; it is
compatible both with the continuous and the discrete concept of
time. This conclusion is similar to that of Huggett (1993), who
found that, although continuous aggregated models of environ-
mental systems have their uses, more complex discrete
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disaggregated models are usually preferred. Nevertheless, in
aggregated models, any of the four permutations of continuous and
discrete time and state-space formats may be used. For this reason,
SD can be considered as a hybrid methodology. Hence, this “hybrid”
potential makes System Dynamics a superior technique for
modelling time, as it combines the advantages of continuous and
discrete time concepts. Hassanzadeh et al. (2014) provide a recent
example of using SD for integrated water resources management
for the Saskatchewan portion of the trans-boundary Saskatchewan
River Basin in western Canada. They successfully integrated into the
SD model economic dimensions related to farmland irrigation de-
cisions with the typical catchment water balance modelling.

Based on the above arguments, SD was considered to be the
most appropriate approach for modelling the urban water supply-
demand system as this system contains both discrete and contin-
uous elements.

2.2. Understanding and treatment of uncertainties

There exist a range of uncertainties often resulting from
incomplete scientific understanding of the various processes.
Although uncertainties are an important aspect in the model
building and scenario analysis process, a formal and comprehen-
sive treatment of uncertainty is often difficult to achieve in practice.

According to Robinson (2003), three main sources of uncer-
tainty are: (1) the lack of knowledge about system conditions and
underlying dynamics; (2) the prospects for innovation and sur-
prise; and (3) the intentional nature of human decision-making.
The adequate treatment of these uncertainties is a crucial aspect
in the development and application of any model. Mannermaa
(1991) suggests that some sources of uncertainty can be reduced
by progressively improving the models and including more vari-
ables. Scenarios are also widely used to improve our understanding
of the complex interactions of the environmental systems and
human activities. For example, in the climate change context, sce-
narios provide plausible descriptions of how the future might un-
fold under changing climatic conditions (Moss et al., 2010).
Additionally, for the model building process, the sound communi-
cation of uncertainties and stakeholders' participation is crucial.
Further, participation and consensus building around scenarios can
help to deal with uncertainty.

Accordingly, a variety of measures in designing the model has
been adopted, such as stakeholder and expert consultations and
workshops for scenario analysis and the model building process,
the use of scenarios to explore outcomes, and sensitivity analyses to
systematically minimize the potential influence of uncertainties in
the model output. For example, rather than relying on a single point
prediction in relation to future population growth, climate and
rainfall variability, a range of scenarios were chosen, within which
the model was proven to work, with sufficient accuracy. In addition,
sensitivity analyses were performed to explore the sensitivity of the
model results to changes in any important model input. The results
helped us to identify any systematic bias in the model's calcula-
tions, and provided information about whether the model needs to
be revised, in light of this new information.

2.3. Changing supply and demand for potable water in the study
region

SEQ contains approximately 65% of the State of Queensland's
population, in just a fifth of the state's total land area. The region
has experienced population growth above the national average
over the past decade, which is expected to continue into the 21st
century (Sivertsen et al., 2012). Urban water demand comprises 65%
of the region's total water usage (QWC, 2010, 2012b), with 96% of

this sourced from surface water supplied reservoirs. This generates
a large reliance on precipitation, such that a large storage capacity
(i.e. 2200 GL) is required to cope with low inflow years (Marsden
and Pickering, 2006; BOM, 2013). Dam yields have been found to
be very sensitive to global changes in climate and typical variability
in conditions (NWC, 2006; NCEDA, 2010). Currently the storage
capacity equates to six years full supply based on current demand.

SEQ experienced particular hardship in the Millennium
Drought. At one point the region's 12 dam supply network fell to
under 14% capacity, seeing water restrictions at their most severe
(Frontier Economics, 2011). For much of the drought dam levels
were below 40%. To raise water security a number of initiatives
were introduced, such as mandated internally plumbed rainwater
tank systems on new residential households, and the construction
of a desalination plant (Stewart, 2011). The drought has currently
abated, however, there is widespread public and political uncer-
tainty on how to best prepare the water supply system for future
stresses (Killoran, 2013a).

2.4. Coping with systemic change: temporary drought pricing

Historically water governance has been based on the premise
that drinkable water is sourced from a finite resource supply, with
only so much surface water available at any given time. This
premise is no longer valid, due to the development of desalination
and water recycling technologies that allow coastal communities to
produce potable water at a cost. Ongoing urban water restrictions
are inequitable and an inefficient means of balancing supply and
demand, according to the National Water Commission (Frontier
Economics, 2008). Applying restrictions also reduces revenue
streams to water businesses at the same time that they are seeking
to implement costly new water supply and system efficiency in-
vestments (Jenkins et al., 2013). Often, the perverse outcome of this
traditional control oriented governance model is a water price path
well above inflation long after the drought has abated and dam
supplies are plentiful.

The Australian water supply market is not laissez-faire in any
sense, attracting strict regulation and typically operating under
government controlled monopolies. However, the forces of supply
and demand can still be allowed to interact to some extent within
this government regulated framework. Progressive scarcity based
pricing mechanisms, or Temporary Drought Pricing (TDP), allow
water tariffs to be set inversely to potable water availability. In the
case where a resource is available such that anyone who desires it
can consume it without affecting the ability of others to do the
same, it is not considered scarce in an economic sense, and should
attract a lower value (NWC, 2006; Frontier Economics, 2008;
Grafton and Ward, 2010). This concept is presently been trialled
in Denver (CO, United States), with water being charged progres-
sively based on usage (i.e. block tariff), with a progressive drought
tariff also added when applicable per 1000 gallons (DW, 2013).
Coupling inclining block and scarcity pricing regimes is a highly
appropriate way to properly price water but also maintain the
essential equity objectives of water provision.

TDP accomplishes two crucial goals for water providers in times
of limited supply. It reduces demand by increasing water tariffs, but
still allows consumers' choice over water usage based on oppor-
tunity cost, rather than simply prohibiting use over an arbitrary
level. Importantly, TDP also maintains revenue streams to facilitate
the development of new water supply infrastructure. A TDP can be
amultiplier to levy to the business-as-usual single or multiple block
tariff arrangement of the water business and be designed to ensure
that short-term demand reductions by consumers in periods of
drought are revenue neutral or positive to achieve the water supply
planning objectives of the water business.
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This research utilises a TDP to create a holistic model, with new
infrastructure transparently funded and consumer demand in-
teractions demonstrated. This enables the best pricing approach to
be identified under simultaneous demand management and
diversified water supply portfolio investment.

2.5. Resource and infrastructure utilisation

The poor utilisation of desalination plants has been greatly
lamented (Killoran, 2013a). When producing potable water from
seawater, desalination plants have high energy intensities (energy
consumed in water supply), which have consequences for elec-
tricity production and associated greenhouse gas emissions (Hoang
et al,, 2009). If desalination plants are required to augment surface
water supply in SEQ, the following must be considered: how can
their construction and operation be optimised to increase water
security whilst limiting the negative consequences associated with
their operation?

A potential means of addressing the high energy intensity of
traditional desalination plants is the continuing development of
pressure retarded osmosis (PRO) technology, which could signifi-
cantly enhance community perceptions towards and lower the life
cycle costs of desalinated water. The conundrum facing govern-
ment and water businesses is that in above rainfall periods when
dam levels are full and potentially overflying, their portfolio of
desalination plants have limited value and are put to standby mode.
The use of dual-purpose membrane technology would allow
desalination plants to generate electricity through PRO when not
being used for potable water production (Helfer et al., 2013).
Currently desalination plants consume 3—4 kWh/m> when pro-
ducing freshwater from seawater (Hoang et al., 2009). Thorsen and
Holt (2009) report that up to 0.74 kWh/m? can be generated from
mixing seawater and freshwater at 20 C, while successful trials of
PRO technology have occurred in Norway (Achilli and Childress,
2010). Helfer et al. (2013) provide a recent comprehensive review
of the PRO technology trends, benefits, impacts and economic as-
pects. While they conclude that PRO technology is viable, they
mention a number of barriers to its widespread commercial
development, particularly the high cost of PRO membranes.
Nonetheless, with further development and pilot plants using PRO
technology, such membrane costs will likely reduce exponentially
as they have done for traditional RO technology used for desali-
nation. In summary, although further investigations are still needed
to ensure PRO technology is viable, technical advances in desali-
nation technology are promising for being a viable alternative for
renewable energy production.

Essentially, the seasonal abundance of freshwater can be utilised
to create energy through the PRO process. This renewable energy
production could help to offset the energy consumed in RO and
would represent far more efficient utilisation of infrastructure. As
part of the integrated SDM, the potential benefits of this technol-
ogy, and how it might operate alternately with RO desalination, can
be evaluated.

2.6. Effectively modelling the socio-environmental system

Existing models cannot adequately assess a range of water
governance alternatives (Barker et al., 2010) as they focus on
meeting set levels of demand under engineering constraints, uti-
lising supply-side models (Hughes et al., 2009). Hughes (2008) and
Grafton and Ward (2008) allow demand to respond to prices
through the use of endogenous demand curves.

Water resource systems are characterised by many interde-
pendent components that together produce various economic,
environmental, ecological and social impacts (Loucks and van Beek,

2005). Environmental systems also contain feedbacks and discon-
tinuous non-linear relations (Kauffman, 1993; Patten and
Jorgensen, 1995). Water systems, like most complex environ-
mental matters, are highly dynamic and consist of many feedbacks
and interdependencies between their elements. Hence, simulation
is a potentially effective method of exploring potable water supply
and demand futures, based on differing behavioural assumptions,
including reaction to price mechanisms and quotas. In this context,
System Dynamics (SD) modelling offers a suitable platform for
exploring complex water systems. Therefore, in this research, the
SD modelling approach is employed to investigate the water system
in SEQ as well as to conduct scenario analysis.

System dynamics is an approach to understanding the behav-
iour of complex systems over time. It deals with internal feedback
loops and time delays that affect the behaviour of the entire system.
Feedback loops are the basic structural elements of dynamic sys-
tems that reflect a chain of causal relations among the interacting
components of a system. More formally, a feedback loop is a closed
sequence of causes and effects, or, a closed path of action and in-
formation (Kirkwood, 1998). These loops are often linked together
and display nonlinear relationships that often cause counterintui-
tive behaviour (Forrester, 1996). The evolution in the field, signed
by works in urban dynamics (Forrester, 1969), and large scale ex-
periments on world dynamics (Forrester, 1971; Meadows et al.,
1972) was a starting point for the development of softer ap-
proaches that lead to the formalization of systems thinking, to
overcome issues in simplifying complex realities with numerical
models. In parallel to softer approaches, system dynamics models
have evolved and are used today to simulate complex systems
behaviour in public health (Cavana and Clifford, 2006; Homer et al.,
2007); energy and the environment (Fiddaman, 2002; Ford, 2005;
Sterman, 2008) irrigation systems and water quality (Gharib, 2008;
Zhang, 2008); climate change impact assessment and adaptation
modelling (Franck, 2009; Sahin and Mohamed, 2009, 2013) and
many other fields.

To simulate the water resources system in SEQ, an SDM was
developed using Vensim® DSS (Ventana Systems, 2012). Key vari-
ables were identified, with relationships between these variables
assumed and parameterised. A participatory modelling approach
was utilised to maximise accurate replication of system structure so
that modelling would reveal system behaviour, which is often far
from what initial intuition would suggest (Vennix et al., 1996; Van
den Belt et al., 2004; Langsdale et al., 2009). The research team has
engaged with a range of experts from academia, private consultants
and government water bodies to inform model development. A
systems approach allows integration between supply, demand and
asset management.

The SDM is composed of three sub models which simulate de-
mand, supply, and asset management within the SEQ water re-
sources system. Large interdependencies exist between these
components. The SDM facilitates a time based exploration of the
effects of altering multiple variables concurrently (e.g. increased
dam capacity, rain-independent supply source construction,
climate change, population growth, TDP). The platform provides
crucial visualisation of system interaction over time, allowing un-
expected feedbacks to be identified. Models of socio-environmental
systems with many sub models are often hard to understand for
those not involved in their construction (Polhill and Gotts, 2009).
Hence, this visualisation is an important tool for communication
with stakeholders and decision makers, lest this research be
confined to academic circles.

The evaluation requires the use of multiple, complementary
methods to identify any shortfalls in the data, the theory, and the
methodology. However, there is no consensus among modellers as
to what the methodologically correct guidelines or procedures for
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evaluating simulation models should be. Furthermore, a number of
researchers have raised concerns regarding model testing and
evaluation. For example, Oreskes (2004) states that verification and
validation of numerical models of natural systems is impossible as
these systems are never closed, and because model results are al-
ways non-unique. Instead, models can be confirmed by the
demonstration of agreement between observation and prediction.
Although it is difficult, nevertheless, the evaluation of all models is
important. To overcome these difficulties, Sojda (2007) proposed
an evaluation approach, which includes: (1) testing model perfor-
mance against a preselected standard; (2) use of real-time and
historic datasets for comparison with simulated output; (3) use of
panels of experts judiciously; (4) sensitivity analysis of system
outputs in relation to inputs; and (5) examining major components
when the validation of a complete system is impossible to recog-
nize potential pitfalls.

More recently, Bennett et al. (2013) suggested a five-step per-
formance evaluation procedures for effective use of environmental
models, these are: (1) re-assessment of the model's aim, scale and
scope; (2) characterisation of the data for calibration and testing;
(3) visual and other analysis to detect under- or non-modelled
behaviour and to gain an overview of overall performance; (4) se-
lection of basic performance criteria; and (5) consideration of more
advanced methods to handle problems such as systematic diver-
gence between modelled and observed values.

In our research, the model evaluation flowed through a multi
stage process, including:

1) Engaging expert stakeholders throughout model process: To
achieve adequate robustness of the simulation model, a number
of models were developed, tested, and modified before the final
model was confirmed. Throughout the modelling process,
stakeholders consultation was used to assess the validity of the
major components of the model through seeking agreement
about various modelling aspects, such as: modelling scope and
purpose; a simulation model setup including a model boundary
selection; data collection for the study area; and, modelling
logic (i.e. parameter relationships); and ensuring the model
output adequately reflects the real situation. Continuous
involvement of expert stakeholders in the model building and
testing significantly improved the value of the resulting model
in terms of its usefulness. This was an important step to test
whether the proposed model was realistic and successful at
addressing its intended purpose.

2) Use of historic datasets for parameter validation (inspecting the
output of the simulation by comparing the past results): The
parameter validation was used to obtain the values for the pa-
rameters by using randomly generated data based on historical
data. Initial testing was conducted by comparing the model to
the data collected for the study area to test the model behav-
iours. Once the model behaviours were close enough to repre-
sent the system, it was deemed appropriate for use in further
analyses.

3) Comparing model output with the findings of SEQ Water
strategy report. As Huggett (1993) suggests, it is sound practice
to test the validity of a model by comparing its prediction with
independent observations made in the field or laboratory. Thus,
in the current study, the modelling findings of SEQ water utili-
ties reported in QWC (2010) report was used as the validation
model to compare the output of our model.

4) Visual analysis: By running the model to visual the display of the
model output, and observing whether the behaviour satisfies
the logic of the model.

5) Finally, to gain more confidence in the behaviour of the model, a
sensitivity analysis was performed by changing the assumptions

about the value of the constant variables, as well as examining
the resulting output. The model contains a range of constant
variables. To examine their effects on the simulation output, the
values of three constants variables were chosen and modified:
Population growth rate, per capita water demand, and demand
elasticity as these variables directly affect water supply and
demand balance, and needs for new infrastructure investment.

3. Systems model development and exploratory sCenariOS

Voinov (2008) explains that when a model can effectively take
into account the essential features of a real-life system, its behav-
iour under stress will likely be similar to the behaviour of the
prototype model. Essential variables for model operation were
identified by reviewing locally based literature for region specific
inputs and examining world literature for more generic variables
and their behaviour. System norms and rules were informed by the
SEQ Water Strategy Reports in combination with other literature
(QWC, 2010; QWC, 2012b).

3.1. Supply sub model

The supply sub model considers volumetric supply from both
rain-dependent and rain-independent sources of water (Fig. 2). As a
starting point, the SEQ water grid currently contains one desali-
nation plant and one purified recycled water plant, which account
for only 3.5% of the combined storage reserve (QWC, 2010, 2012b).
Rain-dependent supply is driven predominately by surface water
storage supply and to a lesser extent groundwater pumping, which
are highly influenced by climatic conditions and increasingly more
by climatic change as the century progresses.

It is essential to use meaningful data to obtain meaningful re-
sults. Therefore, for each time period, surface water inflow data is
randomly generated based on historical data published in the SEQ
Water Strategy reports using a triangular distribution. This
approach provided a future inflow prediction forecast that resem-
bled characteristics of historical records. However, one must note
that future rainfall patterns are likely to be different due to climate
variability and also uncertainties in future climate in the region.
Additionally, the impacts of La Nina and El Nino seasons on inflows
to dams are taken into account in generating random inflow data,
and total inflow is capped to the maximum storage level of each
dam. A special feature of the supply sub model is that has an
optional function where it can trigger the planning, design and
construction of new augmented rain-independent supply sources
to the bulk supply portfolio (i.e. desalination plants for this study as
it is the most likely rain-dependent supply source to be used in the
coastal SEQ region), when rain-dependent supplies are at critical
threshold levels. When the available supply falls to below 60%, the
planning for a new desalination plant begins, followed by designing
and construction, only pausing if the level goes above 60% (QWC,
2010). Moreover, the supply sub model is able to switch the exist-
ing portfolio of rain-independent supply sources to different
operating capacities or even standby when surface water supplies
are plentiful. For example, when surface storage capacity is above
80%, rain-independent supply sources are placed on standby to
reduce the supply cost. When the storage level drops below an 80%
level, then this supply become active and adds water to the grid.

3.2. Demand sub model

The water demand sub model estimates Annual Water Demand,
which is driven by three key variables: population, per capita water
demand and climate impacts. These are calculated using the
following equations:
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Fig. 2. SEQ grid connected regions' water supply sub model stock and flow diagram.

AWD = P x WDpc (1) 1ndustr1'e11/9ther L/P/d =300L/p/d) V.Vhlcf'l have resulted from years
of restrictions being used. Next historical pre-drought demand
was found (300 + 150 = 450 L/p/d), while the third level was

pP— /(Pch)dt +P] 2) derived from the SEQ Level of Service objectives (230 + 145 = 375
L/p/d) (QWC, 2012b). Demand can also be affected by the water
price. In this study a Temporary Drought Price (TDP) was applied

WDpe = WU x (G) (3) in periods of water scarcity with the dual purpose to reduce de-

where AWD, Annual Water Demand; P: population; Pc: population
change; P;: initial population; WDy per capita water demand;
WUp: per capita water use projection; Ci: climate impacts.

Fig. 3 illustrates the basic dependencies of these variables, and
others within the demand sub model. The rate of population
growth and the magnitude of price change strongly influence both
supply and demand over time. Therefore, in this research, to es-
timate the future population, two growth rates, namely the cur-
rent 2% and the projected 1.5%, were used (Queensland Treasury,
2011). Three demand levels were considered to represent the
most likely future scenarios for water usage. First, the current low
levels of per capita consumption (200 L/p/d residential and 100

Non residential

mand and also provide sufficient additional revenue to fund cap-
ital intensive rain-independent bulk water infrastructure. In this
study, a mean elasticity value of —0.51 was applied with a range of
—0.3 to —0.8 allowed in the SD, after a critical review of the
literature (Hoffmann et al., 2006; Olmstead et al., 2007; Frontier
Economics, 2008; Grafton and Ward, 2008). It must be noted
that the price elasticity values used in this model are more
reflective of the long-run analysis of water demand during longer
drought periods.

The year-to-year wet/dry seasonal variation that occurs, results
in a short-run elasticity of demand with much smaller elasticity
values. Since the model is examining long-term strategic planning
implications and not short-term fluctuations, elasticity has only
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Fig. 3. Demand sub model stock and flow diagram.
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been considered in the demand function for water use of long-run
behaviour. Specifically, the price increase impact has been calcu-
lated by using the Time to Price Adjust variable, which adjusts the
demand progressively over a period of time (i.e. 2 billing periods).
Readers should note that for all major input variables such as de-
mand elasticity, the system model has a dashboard which allows
users to assign a value within a range instead of just a single value
in order that a range of scenario outcomes can be explored. A full
discussion on the application of the TDP is discussed in the results
section of the paper.

3.3. Asset management sub model

The asset management (financing and resource utilisation) sub
model is designed to reveal how water governance decisions can
act to close the supply gap and provide water security insurance.
This is primarily accomplished through the use of desalination
plants, with limited availability of new dam sites in SEQ (QWC,
2010). The financial branch of the model considers monetary in-
teractions and requirements. The resource utilisation branch is
used to maximise utilisation of the desalination plants and mini-
mise the net energy requirements for their operation.

The model takes the Annual Water Demand, less that supplied
by surface water, and calculates the revenue generated from the
required desalinated water production, as shown in Fig. 4. When
desalination plants are functional for water manufacturing, their
energy requirements are calculated. When they are not needed for
RO, they perform forward osmosis (FO) through PRO, generating
energy.

The capacity of future desalination plants is assumed to be the
same as the existing Tugun desalination plant (50,000 ML/year).
However, in order to examine the impact of larger plants, this can

be adjusted before or during the simulation. When desalination
plants are not in use for water production, the model switches their
function to PRO, generating renewable energy.

3.4. Scenarios

A key intention of model development was to allow flexibility,
rather than limit users to predefined scenarios. Thus the SDM is
capable of simulating a very large number of permutations, based
on user choice and the multivariate Monte Carlo simulation tech-
nique. For the purposes of this paper, five prescribed scenarios are
considered, to demonstrate the effects of exogenously driven sys-
temic change to the socio-environmental system, and how
endogenously driven change to water governance can deal with
these changes. Findings from the modelling scenarios are pre-
sented in the next section.

4. Modelling scenario results
4.1. Forecasts for water supply and demand

1.5% population growth sees the SEQ population rise to 4.13
million by 2031, 5.57 in 2051 and 13.6 million by 2110. Annual
Water Demand is highly sensitive to population growth, per capita
water use and climate variability. For fluctuating population growth
between 1.5 and 2%, and varying per capita demand as outlined in
the previous section, Annual Water Demand ranges from 1.86
million ML/year to 3.65 million ML/year at the end of the 100 year
simulation. 30 years from today, the minimum expected water
demand level is equal to 30% of the current SEQ accessible storage
capacity, while maximum demand level would account for 45.2%.
Two supply scenarios were tested and are compared in Fig. 5. The
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Fig. 4. Asset management sub model stock and flow diagram.

j-envsoft.2014.05.018

Please cite this article in press as: Sahin, O., et al., Paradigm shift to enhanced water supply planning through augmented grids, scarcity pricing
and adaptive factory water: A system dynamics approach, Environmental Modelling & Software (2014), http://dx.doi.org/10.1016/




8 0. Sahin et al. / Environmental Modelling & Software xxx (2014) 1-14

Storage level based on current storage capacity

Million ML

=== High demand Scenario (2% Pop growth & 450 L/p/d water use)
----- tow demand Scenario {1.5% Pop growth & 300 L/p/d water use)

= Storage level with a 10% increase in current storage capacity i
=== Required storage reserve level (low demand)

2053
Year

2013 2023 2033 2043

2063 2073 2083 2093 2103 2113

Fig. 5. Combined storage level and water demand for scenarios examined.

simulation results show that even when a 10 per cent increase in
the current accessible water storage capacity is considered (i.e.
2,220,000 ML to 2,442,000 ML) the current water supply portfolio
will still not be sufficient to meet annual demand due to high inflow
variability and a growing water demand in the SEQ region.

As the system moves past 40 years into the future under high
demand, the present portfolio of water storages is inadequate,
depleting very rapidly to critically low levels, leaving the region at
high risk of supply failure. As outlined in the SEQ Water Strategy
(QWC, 2012b) the drought storage reserve is supposed to provide,
in conjunction with climate resilient sources, a minimum of 36
months' supply of water at a restricted demand. In this model, the
drought storage level is calculated based on annual demand
without restriction. This emphasises the need to investigate new
water governance options. The systemic change brought about by
population growth and decreased surface inflows cannot be miti-
gated. Thus, the system must be reorganised, or forced to operate
under new rules, in order to cope.

4.2. System simulation under reformed governance

TDP is considered in two scenarios as shown in Table 1. The SDM
simulates the impacts of changing prices and TDP on demand,
supply, revenue and the costs of construction of new desalination
plants. TDP is only initiated during drought periods when water
resources are becoming scarce. The TDP escalation above the base
price level is linked to the available storage or supply level (i.e. TDP
escalation to base water price starts at 60% supply fraction). As the

Table 1
Predefined input values for examined simulation scenarios.

Scenarios Scenario description
Population Water use Desal in use TDP pricing
growth (%) (L/Person/Day) (Yes/No) (Yes/No)
BAU
Business As Usual 1.5 300 No No
BAUR & D
Water Restrictions 1.5 Varying Yes No
(Level 1 to Level 5)
BAU & D
Business As Usual 1.5 300 Yes No
with Desal
BAU & TDP
Business As Usual 1.5 Varying No Yes
with TDP
BAU D & TDP
Business As Usual 1.5 Varying Yes Yes

with Desal and TDP

storage level falls below the threshold level for TDP initiation, it
increases the normal water price between 10 and 300% at certain
critical levels. Similarly, as the total storage level restores to more
secure levels due to above average rainfall or the commissioning of
newly constructed desalination supply, the TDP levy is withdrawn
at the same trigger points. Using the SDM, the impacts of TDP on
revenue over the 100 year period timeframe were also simulated.
During the simulation, the TDP is only enacted during drought
periods when water availability is becoming increasingly scarce.
We found that, if used, the TDP would generate additional revenues
of about A$ 4.2 billion over the course of the simulation period. This
additional revenue would be sufficient capital to build four new
desalination plants with a total capacity of 200,000 ML/year.
Moreover, the TDP provides a mechanism to generate additional
revenues to fund water supply infrastructure much closer to the
capital investment period than would be the case under current
planning practices where long-term price rises and debt are used to
fund such large capital investments.

Since the purpose of the TDP is to achieve the water restriction
demand management target through pricing, it is reasonable to use
the existing restriction trigger points and targets for determining
the TDP level. Therefore, the demand restriction targets were used
to determine the extent of TDP that would be required to achieve a
similar demand reduction if the restriction scheme were replaced
with an alternative pricing scheme (i.e. TDP in this study). The
herein adopted TDP assumptions are consistent with the restriction
trigger points described in SEQ Water Strategy reports (QWC, 2010,
2012b). For example, in the SEQ System Operating Plan 2012 (QWC,
2012a), medium level restrictions are defined as a targeted reduc-
tion in consumption of 15 per cent below the total consumption
volume in normal operations, triggered when all key water grid
storages reach 40 per cent of the combined total water storage
capacity of these storages. The model achieves this equivalent re-
striction target by using a certain price level achieved through the
addition of the TDP to the existing bulk water price and an average
demand elasticity of —0.51 in order to calculate the equivalent
reduction in water demand.

The BAU TDP scenario considers TDP in isolation, while the BAU
D & TDP considers TDP in conjunction with the construction of new
desalination plants. These scenarios are compared in Fig. 6.

TDP alone is displayed as effective in reducing the demand for
water, preventing supply demand gaps and limiting demand to
under 1.3 GL/year at the end of the simulation period. However
there are fundamental problems with this strategy of pricing water
scarcity but then not acting to provide the necessary additional
supply to alleviate future drought periods. Moreover, for this sce-
nario, water demand is reduced further and further as water
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Fig. 6. Comparison between BAU TDP and BAU D & TDP scenarios in terms of demand and TDP generated revenue.

security in SEQ falls in the face of a rising population and decreasing
inflows. This would inevitably lead to public unease and sustained
intense political pressure, with the region being constantly in a
water crisis. In essence, TDP alone is containing the current prob-
lem by preventing total supply failure, but not increasing the sys-
tem's ability to avoid similar crisis reoccurring in the future. The
sustained reductions in revenue due to low demand would also
limit the funds available to water governance bodies for invest-
ment, thereby creating a vicious cycle. The resources required to
prevent future crisis must be sourced before the crisis begins; this is
a fundamental argument of this study.

The BAU D & TDP scenario, which simultaneously reduces de-
mand in periods of water scarcity while concurrently planning,
designing and constructing rain-independent sources to the water
supply portfolio, removes the issues that arise from a standalone
TDP. Initially there is no TDP revenue as the desalination capacity
prevents the need for price increases with added water security.
When a TDP is eventually initiated in year 58 due largely to the
momentum in population growth, more TDP revenue is generated
than in the BAU TDP scenario, because demand is greater in
magnitude.

As the model moves into the second half of the analysis period,
SEQ's population becomes so large that the planning and con-
struction of 50,000 ML/year desalination plants cannot keep up
with the growing demand for water. Thus, the region is consistently
in water crisis with very high prices under TDP. This indicates the
need for either a very large surface water addition to the SEQ water
grid, or the construction of a high volume manufactured water
facility (e.g. >500,000 ML/year). The BAU D & TDP scenario sees the
new water governance measures function effectively for approxi-
mately 60 years.

4.3. Potential of PRO integration to system

The proposed endogenous changes originating in the human
system, namely the construction and operation of desalination
plants to augment surface supply, risk creating feedback that
propagates back to increase the driving exogenous environmental
component of the systemic change (reduced stream flows). As the
RO desalination is highly energy intensive, the future production

cost of desalinated water will be heavily influenced by the cost of
plant construction and the anticipated increasing cost of energy
(Hoang et al., 2009). This may be partly offset by improved uti-
lisation efficiencies of desalination plants. With this in mind, a
branch of the model incorporates the utilisation of dual-function
desalination plants that utilise both traditional RO and new-age
PRO technology.

Clearly, it is important to explore whether the unit capital cost
($/kW) and operating cost to generate energy ($/kWh) from PRO
technology plants are viable. Investigations of a power plant with
PRO at the Great Salt Lake by Loeb (2001) reported that a PRO plant
could produce 66 MW at a capital cost of US$ 9000 and an energy
cost of 0.09 US$/kWh. This cost includes the capital amortisation
(0.058 US$/kWh), membrane replacement (0.008 US$/kWh), la-
bour (0.008 US$/kWh), and operation and maintenance cost (0.017
US$/kWh). This cost, as reported by Achilli and Childress (2010), is
comparable to the average retail electricity price in the United
States at that time (0.067 US$/kWh).

The utilisation of desalination plants is controlled by a logic
relationship, mirroring the actions of a water governance body
(QWC, 2010; 2012b; SEQ Water Grid, 2011). In some cities, local
governments define rules linked to dam storage levels that deter-
mine when and how water utilities can operate their desalination
plants (i.e. standby, fractional operation, full capacity operation).
For example, as stated in the SEQ Water Grid (2011) report, the
existing desalination plants in the region will be operated at ca-
pacity when key water grid storages are below 60% of combined
capacity, which may be further increased. In Sydney, on the other
hand, interim desalination plant operating rules requires the plant
operate at full capacity when the total dam storage level firstly dips
below 70% and continues operating until the total dam storage level
reaches 80%. Therefore, the desalination plants with higher supply
level trigger points reduce the probability of the rain-dependent
supply sources reaching low levels, causing restrictions and
further augmentations to the supply systems (Frontier Economics,
2011). However, the drawback of such higher trigger points is
that bulk water utility operators have less dam capacity available
for high rainfall events. In this research, the desalination plant is
triggered at 80% combined dam levels, thereby satisfying both re-
gions' operation rules. It would of course be counterintuitive to
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utilise desalination plants to generate electricity in times of water
shortage, as this would further contribute to water scarcity. When
dam levels are in excess of 80% capacity, desalination plants are
used for energy production. During La Nina years, dam inflows are
typically high, leading to redundant water behind dams, overflows,
and stronger stream flows below dam walls. The SEQ regions sub-
tropical climatic conditions are highly suitable for a dual-function
desalination plant.

As illustrated in Fig. 7, the model reveals that over the 100 year
simulation period RO desalination accounts for 25% of the total
possible utilisation available, while PRO accounts for a higher 66%.
The remaining times of non-utilisation (i.e. 9%) occur in years
where only a portion of full plant capacity is required for RO
desalination to augment water supply. As mentioned above, it
would be counterproductive or technical unfeasible to use the
remaining plant capacity for PRO in these years. In terms of infra-
structure utilisation, this represents a 91% utilisation efficiency,
with non-utilisation only accounting for 9% of total available uti-
lisation for the 100 year period. Given that traditional single-
purpose RO desalination plants would only have an average uti-
lisation fraction of 25% over the 100 year period examined due to
the variability in dam inflow, this is a sensible option for the region.

Now the utilisation potential is clear, the focus shifts to how
much energy can be produced in the power production periods,
and how does this compare to the energy consumed when RO
desalination is active (Figs. 7 and 8).

For visualisation, the Annual Energy for Desalination represents
the annual consumption rate in place during the final time step of
each year. The decision making process for switching between
energy consumption or production (i.e. RO or PRO) occurs on a
quarterly basis in the model, with the Total Energy for Desalination
calculated from the sum of these intervals. Using the efficiency
rates outlined in Section 2.3, the SDM reveals that over the 100 year
time period that PRO generates 47% of the energy consumed in
water production. This would be a very significant reduction in the
net energy demand and associated carbon footprint if such dual-
function water manufacturing plants are constructed instead of
traditional RO limited plants.

As the simulation progresses, the percentage of energy gener-
ated relative to energy consumed rises steadily, from 25% after 5
years, to as high as 60% after 90 years. In the final 10 years of the
simulation the desalination plants are almost constantly forced to
augment water supply as TDP is in place for the dry season each
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year. Even when reservoirs fill with substantial rains, the popula-
tion is so large that these reserves are quickly depleted.

5. Discussion

5.1. Diversifying the traditional rain-dependent water supply
portfolio

As set out by the SEQ Water Strategy (QWC, 2010, 2012b), the
drought storage reserve is defined as the stock of water below 60%
of the working capacity of the region's working water supply ca-
pacity. This is the current means for the system to deal with un-
certainty over adverse short to medium term climatic conditions.
The drought response plan states that the drought storage reserve,
in combination with rain-independent supply, must provide at
least 36 months' supply under water restrictions. This reserve level
is already a high proportion of total capacity, and with population
set to increase, and inflows set to decrease, this method for dealing
with uncertainty in the system will become increasingly
inappropriate.

Under the BAU D and TDP scenario, the supply portfolio
changes, with an increase in the proportion of rain-independent
supply. Logically, this increase (neglecting other system changes)
would allow the volume of the drought storage reserve to decrease
as more desalination plants are constructed. In the SDM, the
drought storage reserve is calculated considering the Proportion of
Desalination in the total supply capacity. Higher proportions of
desalination or other rain-independent supply sources serve to
reduce the drought storage reserve level required as these sources
are dependable.

Starting at 3.5%, the simulation results show that the propor-
tion of desalinated supply increases to 40% at the end of the 100
year period. This allows the required minimum storage reserve
level to drop from 36 months' supply to 22 months' supply
(995,000 ML/Year). This strengthens the system's ability to deal
with uncertainty by utilising desalination plants as an insurance
policy. Region climatic conditions (e.g. rainfall variability) coupled
with existing and future capacity of dam storage will determine
the usage frequency and utilisation of augmented bulk desalina-
tion or recycled water supply sources over their life cycle. In some
locations (i.e. mainly dry climates), desalination will be extensively
utilised to contribute to base-load demand with only a few periods
of standby mode or shutdown, while in others such as SEQ, the

Fig. 7. Utilisation of desalination plants for water production and power production over the simulation period.
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Fig. 8. Annual and cumulative energy demand and energy produced from desalination plants in SEQ over the simulation period.

highly variable climatic conditions (i.e. cycles of dry and wet years)
means that this factory water serves more as a water security
insurance policy that is enacted less frequently but nonetheless
ensures a reliable supply of potable water to a region. This latter
type of plant has a considerably higher unit cost due to its infre-
quent mode of operation, but in most cases represents a lower
cost than the alternative of having uncertain water supply future
and the associated implications that this has on the viability of a
populated urban region.

This increased ability also results in financial savings for water
providers. As such, the long term reorganisation of the system
through diversification of the water supply portfolio is of benefit to
both consumers and water providers.

5.2. Water-energy-climate nexus: maximising climate mitigation

Desalination plants may be a useful tool to deal with uncer-
tainty, but like any insurance policy, this would see them sit idle for
great lengths of time, only called into action intermittently. The
energy intensity of current Australian desalination plants is up to 10
times greater than the energy presently consumed in supplying
bulk water in SEQ (Hoang et al., 2009; White, 2009). This raises two
significant arguments against their implementation.

The continuing advent of PRO technology could greatly nullify
these problems and provide other supplementary benefits. For
existing desalination plants, (Helfer et al., 2013) discusses replacing
existing single purpose membranes with dual purpose alternatives,
thereby transforming RO desalination plants into dual-purpose
water supply and renewable energy production facilities. This
could realistically occur at SEQ's Tugun plant when the existing
membranes reach their lifespan limitations. This, as shown by the
SDM model, would likely occur before SEQ requires additional
desalination plants (in 30 years' time under the BAU D & TDP sce-
nario). Additional power generation capacity would also decrease
the need for fossil fuel exploitation, or the development of other
renewable power supply plants.

Clearly, there are myriad potential benefits of integrating this
technology into the operation of the water resource system. The
SDM indicates that under predicted future SEQ climatic conditions,
desalination plants will be inactive for sufficient periods of time to
allow generation of nearly half the energy consumed in
manufacturing water. Thus, depending on capital costs, the in-
vestment in PRO technology in the future would be worthwhile in

SEQ.

5.3. Availability based pricing and revenue streams

Rationing a scarce good equally among all consumers in a sys-
tem is not economically efficient if those consumers are hetero-
geneous and have different marginal valuations for the good in
question (Grafton and Ward, 2008). Despite these known economic
inadequacies, most water governance bodies in Australia chose to
implement water restrictions during the Millennium drought
(2002—2009). A range of problematic outcomes have also resulted
since the drought ceased. Across many of the populated state
capitals of Australia water prices have continually increased well
above the rate of inflation long after dams replenished, in an
attempt to fund the increased marginal cost of water supply due to
the debt load created during the drought (Killoran, 2013b). Ironi-
cally this is exacerbated by slow rebounds in water demand after
sustained restrictions. If the escalating price trajectory is halted,
forward planning and debt recovery are constrained, predisposing
the system to further crisis in the future.

TDP, which is essentially an availability based pricing mecha-
nism, acts to improve long-term price stability, increases self-
funding, and negates the requirement for draconian restrictions.
This treats water and water institutions with the same respect and
flexibility observed in the rest of a market economy. Comparing the
BAU scenario with the BAU D & TDP scenario, the model indicates
foregone revenue that has resulted from current water governance
in the order of AUD$4.9B by year 50, increasing to AUD$18.9B in
year 100. As demonstrated in the latter scenario, adopting TDP
before the beginning of a water crisis, combined with using surplus
revenues generated from the TDP to fund new rain-independent
capital infrastructure, not only improve a regions water security,
but reduces the post-drought interest burdens.

It should be noted that the water supply planning framework of
the SEQ region has a state government-owned monopoly bulk
water entity (i.e. seqwater) that has a wholesale water price ($/kL)
that is passed to customers through three separate local
government-owned water distribution/retail entities. These dis-
tribution entities have a separate distribution and retail price and
structure (i.e. block tariffs, fixed verse variable cost ratio, etc.).
While the TDP provides a good mechanism to generate revenues to
fund expansion of bulk water supplies to ensure long-term water
security, the equitable transfer of the TDP to individual customer
segments is considered well outside the scope of this current paper.
The current pricing approach would mean that the bulk water price
and any availability-based TDP would be distributed to all customer
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segments equally and the water distribution entities have only their
distribution/retail price components to target pricing at certain
groups (i.e. high water users). Potentially, the bulk and distribution
water entities could formulate bulk and retail pricing regimes that
achieve the scarcity objectives of the region alongside social equity
objectives (e.g. high consumers pay a relatively higher proportion
of the TDP through a clever pricing scheme that integrates the bulk,
distribution and retail prices into one stepped tariff structure for
the customer).

5.4. Navigating the response of the social system

Adverse responses to TDP within the social system must be
considered. The lower the level of available supplies relative to
demand, and the higher the availability based price (i.e. TDP), the
greater the community pressure on governments to subsidise wa-
ter consumers and implicitly burden others is going to be. Whilst
the socially responsible outcome is achieved with TDP, as increas-
ingly costly uses of water get curtailed in homes and through in-
dustry sectors, the pressure will always be there for government to
pass the costs to general taxpayers or other target groups. It should
be noted that a TDP can incorporate equity considerations through
coupling with block tariffs and consumer water budgets (i.e. all
households are provided with a certain non-discretionary alloca-
tion of water at the base price).

Currently water governance bodies are faced with myriad un-
certainties, without adequate tools to develop new policies,
let alone convince the public of their merits. In order to make more
optimal decisions, all known important factors and probabilities
affecting the water supply system and its consumers must be taken
into account. Therefore, decision makers should utilise a suitable
method to solve this complex probabilistic, sequential and dynamic
decision problem. The SDM model in this paper demonstrates the
potential of a long-term, integrated approach to water governance
to cope with oncoming population and climatic changes to the
water resources system. This assumes that policy is maintained
consistently across changes in government.

The timespans required for the implementation of TDP and
desalination augmentation outlined in this paper exceed the
length of local, state and federal government political cycles (4, 3
and 3 years respectively). If this policy, or any similarly significant
change to water governance, is to withstand interference from the
social system through politics, sound communication and accurate
representation in the community must occur. It is unlikely that
this could occur without bi-partisan consensus. The developed
model and its outputs are well predisposed to assisting in this
process, enabling stakeholders in the political arena and the
community to understand alternative approaches to water
governance.

5.5. Future research

All models are inevitably simplifications of the systems they
mimic (Huggett, 1993). The SDM detailed in this paper was built to
identify and understand the most important components of the
water supply-demand system in the SEQ region, and explore how
this system can be reorganised to cope with future challenges.

The next stages of the project will focus on: (1) converting the
model to simulate other regions in Australia facing similar water
dilemmas; (2) further investigating the technical side of PRO
technology and its potential for integration in the SEQ water re-
sources system; and (3) examining how long-term potable water
demand patterns may change in residential homes and in
industry.

6. Conclusions

This paper detailed the development of an SDM developed to
explore the behaviour of the SEQ water resource system over the next
100 years under systemic change brought about by climate change
and population growth. The current supply-side oriented approach to
water governance was found to be ill-equipped to cope with these
changes, leading to economic hardship and chronic water shortages.

Reorganisation of the system through new water governance
practices were proposed and simulated. These included: (a)
increasing supply with rain-independent sources; (b) managing
demand by introducing availability based pricing; and (c)
enhancing asset management decisions. The model demonstrated
that by properly pricing water scarcity through TDP is a consider-
ably more effective strategy for reducing demand while simulta-
neously generating the additional revenues necessary to fund
essential bulk supply infrastructure. The study indicates that as the
supply portfolio includes greater proportions of rain-independent
supply sources such as desalination plants, the requirement for
implementing the TDP regime diminishes since there is less reli-
ability on inflow to dams and groundwater.

Simulation of PRO technology integration into the rain-
independent component of the supply network was found to
have large potential to decrease climate related feedbacks caused
by RO desalination, and greatly increase the utilisation of system
infrastructure. The outcomes of the study have implications for
government agencies and water supply utilities/businesses seeking
to better manage their cities long-term water security interests.
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