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Abstract

Providing secure and reliable water supply service to major urban areas has become a
considerable challenge in recent years on a global basis. Rapid population growth, urbanization
and development needs put enormous pressure on water resource managers to satisfy the evergrowing demand. Climate change, in addition to the inherent variability in hydrological cycles,
adds another layer of deep uncertainty to forecast surface water availability. Many major cities
have observed declining reservoir storages during unprecedented droughts. The once-reliable
reservoir storage systems can no longer serve its purpose. During extended period of water
shortages, urban residents and businesses suffered from mandatory water restrictions, causing
large economic and social welfare losses.

Facing these challenges, water utilities and

governments make large investments in supply augmentation infrastructure, which have longterm consequences that can shape development for decades. However, the increasing complexity
of uncertainty suggests that the ability to predict the future is limited; hence, there is a need to
shift from the conventional “predict-then-act” planning paradigm.

This thesis presents an

alternative framework to urban water investment planning, using a portfolio approach.
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A generalized risk-based framework for urban water supply-demand planning is proposed, and it
is applied to Melbourne, Australia, to demonstrate its utility and usefulness. First of all, water
shortage risk is clearly defined in two terms–frequency and severity of water shortages–of a
defined planning horizon.

Supply-side uncertainty is quantified based on probability

distributions of precipitation and runoff to reservoirs. Demand-side uncertainty is modeled by
scenarios with different combinations of population growth rate and per capita water usage.
Next, the thesis presents an investment decision-making tool to identify cost-effective supplydemand portfolios that minimize water shortage severity while achieving a target level of reliable
service. In addition to find the optimal portfolio composition, the model presents sequences of
investments, indicating timing of implementation of each chosen measure. Using mixed integer
programming, the decision-making tool yields Pareto efficient frontiers for different demand
scenarios.

The Pareto frontier exhibits trade-offs between cost of a water supply-demand

strategy and water shortage risks facing a society in the long run. The trade-offs provide
analytical insights on risk attitude towards water supply services, namely (i) what is the
acceptable level of water shortage risk for a society, and (ii) how much are customers willing to
pay to avoid such a risk. The results indicate that a portfolio which diversity risk of individual
supply augmentation and conservation measures is robust when confronting a wide range of
plausible climate and demand growth scenarios. Finally, recognizing important roles played by
society and government in water-related investment decision-making process, the thesis
discusses institutional barriers in adopting and implementing the proposed risk-based framework
in practice.

iv

This thesis presents an alternative framework to quantitatively integrate risk in urban water
resources management. Under this framework, the portfolio approach is an analytical tool for
decision-makers to prioritize investments in supply augmentation infrastructure and
implementation of demand management programs. It is the hope of the author that this work
provides new insights and necessary tools to water sector professionals in urban water
investment planning. The use of risk-based framework and portfolio approach is not limited to
any specific city and could find many applications in urban areas where water scarcity and
climate risk are pressing issues.
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Chapter 1 Introduction to Urban Water Management under Uncertainty

1.1

Escalating imbalance between supply-demand and inadequate investment in
infrastructure

Of the many challenges facing cities around the world, water scarcity or the threat of water
scarcity is pervasive. Today most cities rely primarily on a single supply source, most often
water stored in reservoir systems. Large reservoirs, most of which were designed and constructed
after World War II, are used to stabilize seasonal variability and are sized to ensure sufficient
supply during a 50- or even 100-year drought. However, the single-source water supply systems
have proven to be insufficient. Although a large multi-reservoir supply system could have
enough capacity to serve water demand during normal climate conditions, the rain-fed nature of
reservoir systems reduces reliability when there is limited precipitation. For example, in recent
decades, many cities with large storage capacities, such as Sydney, Melbourne, Perth, Los
Angeles, and Sao Paulo, have observed reductions in their storage levels in consecutive years
from their reservoir systems due to extremely low rainfall. The once water-secured cities have
suffered social and economic losses and have started to realize dependence on a single source is
inadequate. In addition to natural variation, climate change poses greater uncertainty on surface
water availability. Impacts of climate change add more complexity and uncertainty to urban
water supply planning. On the other hand, growing demand for safe and reliable freshwater,
caused by increasing urban population, rising economic development and high water
consumption, is exceeding natural supplies. At the same time, socio and economic factors add
uncertainty to future water demand projections. Water tariffs, conservation technologies and
policy incentives can change consumption behaviors; regional economic development can
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influence urban population growth patterns. The balance between water supply and demand can
no longer be viewed as a static gap. The escalating imbalance is dynamic.

The complex dynamic imbalance between water supply and demand calls for investment in
supply infrastructure and proactive demand management. The Organization for Economic Cooperation and Development (Ottesen, 2011) estimates that at least $23 trillion U.S dollars will be
needed for urban water infrastructure by 2030 globally. However, three categories of challenges
remain in investment in water resource development: technical, financial, and institutional. From
a technical aspect, growing demand and aging infrastructure put pressure on adequacy and
efficiency of existing water systems. From a financial aspect, water is, and should be, treated as
both an economic and a public good. Prices of potable water in many cities are insufficient to
recover the full financial cost of infrastructure–capital expenditure, operation and maintenance
costs–not to mention the opportunity costs and environmental externalities. Inability to achieve
full cost recovery limits water utilities and local government’s financial ability to invest in
additional necessary infrastructure and can lead to performance deterioration over time. From an
institutional perspective, lack of political will, conflicting policies and interests among
government agencies build artificial barriers for implementation of sound planning practices.

While it is clear that investment in water supply infrastructure and demand management
programs are necessary, neither the existing body of literature nor past experiences provide
specific recommendations as to how we should systematically make investment decisions to
assure secure and reliable water supply services when facing various uncertainties. This
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research explores this question focusing specifically on the decision-making of large-scale,
centralized water supply assets in combination with demand management tools.
1.2

Evolution of urban water supply-demand planning

To ensure water supply meets demand, urban water resource planning has undergone several
cycles of change. The first stage focused on developing structured engineering solutions that
could meet basic human needs. While the majority of economic engineering solutions were
exploited from nearby water resources, the second stage shifted focus and looked at nonstructural solutions that could reduce rate of growing demand. Recent water shortages have
revealed weakness of single-source supply strategy. Thus the third stage of urban water supplydemand planning promotes diversification of water supply sources. Change of ideologies among
the three stages reflects challenges and needs in urban water sector during different periods of
time. These ideologies shape and invoke different planning approaches for urban water
management. This section introduces the evolution of the three stages and the change of
ideologies in planning approaches.

Stage 1: A focus on single-source, engineered solutions to fulfill basic human need (19401985)
Population growth, changing standards of living, and rapid economic development were the three
major drivers for the hydraulic infrastructure boom observed post World War II (Gleick, 1996).
Cities typically settled and prospered near rivers, large surface water bodies, or places where
groundwater can be easily exploited. Until the early 1980s, projections of future water demand
depended primarily on forecasts of populations, per capita water consumption, and the expected
level of economic productivity. During this period, each variable was assumed to rise without
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interruption, which resulted in severe overestimation of water demand projections and growth
rates, which in turn led to overinvestments in water supply infrastructure (Gleick, 1998). Prior to
the 1980s, water resource planning centered around supply-side with focus on design and
construction of water storage facilities that could ease natural hydrological cycles and
underground networks that distribute water to households and businesses (Gleick, 2000).

Using long-term average as one of the planning assumptions, the goal was to build enough water
infrastructure to meet rising demand.

Because large-scale water infrastructure is capital

intensive, most developments and construction during this period were observed in developed
countries. For example, the U.S invested approximately $400 billion dollars (in 1985 value) in
the twentieth Century on large-scale engineering projects (Rogers, 1993). To justify the billions
of dollars of irreversible investment, cost-benefit analysis (CBA) was the main framework to
demonstrate how water infrastructure would meet basic human needs. CBA uses economic
principles to evaluate and to compare project expenditure decisions. It estimates project costs
and quantifies social and environmental gains (benefits). Costs and benefits are expressed in
monetary terms and are adjusted to account for the time value of money. Since demands were
largely unmet, historically it was fairly easy to defend an expensive investment in water
infrastructure, given economic benefits exceeded costs. Once a government decides to proceed
with an engineering solution, the question becomes which design and project is the most costeffective. Subsequently, cost-effective analysis is used as the main tool to evaluate and to choose
specific investments in water supply infrastructure (Eckstein, 1958).
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Stage 2: Inclusion of non-structural solutions to achieve triple bottom line1 (1985 – 2010)
Although early development and promotion of large-scale water projects have proved their
usefulness and benefits over time, concerns as to their impacts on ecosystem and environment
have begun to emerge. While developing countries still used structural solutions as the dominant
urban water supply planning approach at the end of the twentieth Century, new infrastructure
projects in most developed countries faced increasing opposition as costs of reducing negative
impacts of these measures outweighed the benefits. At the same time, developed nations
observed slower-than-expected demand growth. New methods were developed in an attempt to
forecast demand more accurately. For example, end-use models, which analyze detailed
domestic water usage patterns, lead to subsequent exploration of non-structural measures that
could reduce the growth of demand (Blokker et al., 2010; House-Peters & Chang, 2011).

Since the early 2000s, more and more developed nations have started to recognize the need to
balance water resources developments that support economic growth with negative socio and
environmental consequence. The emphasis of water resource management, including urban water
planning, shifted from hard infrastructure, supply-side solutions to mechanisms that control the
growth of demand. As a result of the ideology and policy change, academics and international
institutions proposed alternative frameworks. Among them, the most dominant is Integrated
Water Resource Management (IWRM), which provides an alternative framework to promote
integration among water, waste, and land-use to achieve more effective planning in all three
areas. Applying the same concept, Integrated Urban Water Management (IUWM) considers the
use of the resources in relation to domestic and economic activities and functions with respect to

1

“Triple Bottom Line” is a common term used in many planning frameworks, not limited to the water resource management. It
implies three types of goals, namely economic, environmental and social objectives.
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urban water planning. It integrates different aspects of urban water cycle–water supply, drainage
and sanitation–in the planning and management process. The priority is to have the lowest
impact on the natural environment while achieving multiple economic and social functions in
urban areas. The basic principles of IUWM include (1) incorporation of alternative water supply
sources; (2) emphasis of demand management approaches; (3) integration of water supply,
rainwater harvesting, wastewater treatment and recycle into one physical system at local scale;
and (4) collaboration of planning and approval processes with land and waste management
(Mitchell, 2006; Niemczynowicz, 1999; Pinkham, 1999).

Stage 3: Water supply diversification to respond to greater variability and uncertainty
(2010 – present)
Despite the development and advocating of non-structural solutions to manage growth of
demand, growing pressure on natural water systems, deep uncertainty about the impact of
climate change, and unpredictable consumption behaviors still pose significant challenges to
cities. On the other hand, technologies are developing quickly such that water can be produced
by non-traditional innovative technologies, in addition to the traditional capture-then-store type.
Technologies such as desalination and water recycling allow water that was once non-potable to
become reliable sources, especially when facing climate change. Besides traditional and
innovative options that can produce large amount of water, small-scale water storage facilities,
such as rainwater tanks and stormwater harvesting tanks, are popular alternative water supply
options. Together, these new options provide opportunities for diversification of the existing
water supply, which has large potential to ensure water supply reliability while aiming at
achieving economic, environmental, and social goals.
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Another important shift during this period relates to the definition of water from an economic
perspective. Water was once defined as a pure public good; in fact, water is now defined as both
a public good and an economic good: water has economic value, and there is inherent financial
cost of using water as well as opportunity cost, depending on how water is used (Briscoe, 1996;
Rogers et al., 1998). This improved definition implies that valuations of water projects are
fundamentally changing, and that subsequent evaluation of water asset investment in urban water
planning should be reconsidered. Taking Australia as an example, with the existence of a water
market, municipalities can buy water rights from farmers at a price that they are willing to sell.
This can be an effective measure during drought, since the value of water for urban uses is much
higher than the value of water for irrigation. In this situation, the amount of water available
remains the same, but market mechanisms change the allocation of water resources between the
urban and agricultural sector. Such an option would not be possible under the traditional
planning approach, where water is defined as a public good2.

1.3

Historic approaches are inadequate in dealing with challenge facing today and
uncertain future

Although there has been a change in paradigm, from command-control approach to a diverse
supply-sources approach, governments tend to overinvest in large water supply facilities to avoid

2

A pubic good refers tat a good that is both non-excludable and non-rivalrous. In other words, a public good is a
product that any individual can consume without reducing its availability to another individual and from which no
one is excluded. Traditionally, water has been regarded as a public good; diverting water fro surface water
resources or getting water from groundwater was perceived “non-excludable” and “non-rivalrous”.
Recognizing that water as a scarce resource implies that water is heterogeneous; depending on its uses, water can
have different economic values.
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extreme negative social and economic consequences, especially when facing severe economic
and social consequences during extended periods of drought. Three main reasons stand out.

1. Growing complexity in water supply systems
Modern technologies allow water to be manufactured at an affordable cost as an alternative
supply source. Desalination uses membrane technology to separate salts from saline water,
leaving behind fresh water; wastewater is treated by various biological and physical
processes and can be used as an alternative sources of water for non-potable purposes. Costs
and benefits of these alternative options exhibit different characteristics than conventional
water storage facilities. Some of them are independent of climate, meaning that reliability of
the water supply from these sources is not subject to natural hydrological variation. The
traditional planning framework is no longer able to handle the complexity of these new water
supply options.

Alternative supply options, whether they produce additional amounts of potable water or they
reduce potable water demand by substituting with recycled water, have different economic
costs and provide various levels of security for a complex urban water system. Moreover,
there can be interactions between different alternative supply options and the traditional
existing system. For example, similar to reservoir water availability, water savings driven by
rainwater tanks and stormwater harvesting systems vary, depending on the amount of
rainfall. During normal and wet seasons, more water can be collected and stored in rainwater
tanks and stormwater systems, this while there is already plenty of water stored in reservoirs
to meet demand. However, during dry seasons and droughts, less water is available from a
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reservoir, and there is a need from alternative supply; yet reduced rainfall also results in less
water available from rainwater tanks and stormwater systems. Thereby additional supply
capacity is still needed to maintain water supply reliability and security. Evaluating
individual alternative supply options and making decisions without considering interactions
with the existing systems under different climate conditions could result in overinvestment in
wet climate and underinvestment in dry climate conditions. Therefore, water utilities still
face the challenge of achieving long-term reliability and resilience to changing climate. The
assessment and studies of individual alternative supply options provide the foundation and
basis for starting a list of options to consider, but the question of how to systematically
choose a combination of them that can improve reliability and ensure resilience remains
unanswered. So far, various supply augmentation options and demand management
initiatives are evaluated individually. No existing research has studied the long-term system
reliability of combined augmentation options subject to climate variability.

2. Deep uncertainty 3exists in hydrological inputs and water consumption
There is much scientific evidence to support global climate change. While there is virtual
certainty that human activities in the past century can be attributed to the Earth’s changing
climate, there is little confidence about exactly how the climate will change and lesser
confidence about the subsequent changes in surface water availability (IPCC, 2007). The
uncertainties around climate change induced water availability are two fold: uncertainty of
the hydroclimate models and uncertainty in climate variables such as precipitation and

3

Although there are several definitions of deep uncertainty (Knight, 1921; Ellsberg, 1961; LeRoy & Singell, 1987;
Langlois and Cosgel, 1993; Runde, 1998), the common feature is characterized as “uncertainty associated with
multiple possible futures for which relative probabilities are unknown” (Beh et al., 2015). The distinct difference
between risk and uncertainty is that risk can be quantified by a “knowable” probability distribution.
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temperature. Existing global and regional hydroclimate models provide a range of possible
future states of surface water availability, but none can assign probability to the projected
states. This implies that traditional probability based decision support tools are not sufficient
to assist decision-making under climate change uncertainty.

In addition to the uncertainty posed on the supply side of the equation, future water demand
in the urban sector also involves deep uncertainty. Domestic use, industrial consumption, and
non-revenue water generally compose water demand in urban sector. For planning purposes,
historical demand forecasting relies on population growth and past trends in per capita usage.
Since water consumption is dynamic, this approach often resulted in overestimation in the
long-term (Gleick, 2000). Beyond socio-economic factors, multiple studies discovered that
water usage behavior changes with water availability and policy interventions. Reducing
water availability that leads to conservation measures and mandatory water restrictions cut
per capita water consumption, which could lead to overall stable or reduction in water
consumption, even when population increases dramatically. The dynamic nature of long-term
water demand adds another layer of uncertainty to water supply planning, and more
importantly, no scientific method is confident to assign probabilities to plausible demand
scenarios. In other words, existing planning tools and approaches are inadequate to provide
specific recommendations on when to invest in what supply infrastructure that is costeffective and maintains levels of service.

3. Overly risk averse can be inordinately expensive in the new era of uncertainty
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Whether it is the earliest approach to urban water planning that focused primarily on hard
infrastructure as solutions, or the more recent framework that emphasizes exploring
alternative opportunities to diversify supply sources and using various measures to manage
demand, one of the goals is to fill the gap between supply and demand. This goal implies a
critical assumption in the planning process: supply has to satisfy demand. In other words,
regardless of where the water is coming from, the underlying principle of supply-side
planning remains the command-control ideology as to having enough supply to meet the
some randomly decided high level of reliability. This rather ad hoc choice of service
reliability level reflects the precautionary principle dominating the urban water supply
planning philosophy. In absence of proper quantitative evaluation of its expense, the extreme
risk aversion could result in overinvestment during extremely dry periods. With ever-scarce
financial and political resources for urban water and greater uncertainty of physical water
availability, neither the academia nor the larger community of water practitioners has
questioned the validity of this assumption in the new era.

Delivering reliable water services comes at a cost. Facing the bundled uncertainty from
surface water availability and demand growth patterns, it is worthwhile to quantify the term
“reliable water services”: at what cost are we paying for full reliability and subsequently
what level of water shortage risk is acceptable.

The three reasons highlight the diverse shortcomings of previous planning approaches.
Additionally, they build a strong case for the need to shift paradigm and to develop an
alternative, improved methodology.

11

1.4

Specific problem statements and thesis objective

The above sections provide background to the thesis, including the challenge the urban water
sector faces, its importance in development at large, brief history of planning frameworks,
relevant techniques and shortcomings in dealing with a new era of uncertainty, and highlights on
the most needed areas. The objective of this study is to develop an alternative planning approach
for systematic decision-making on water supply infrastructure investment and demand
management. More specifically, this thesis addresses the following research questions to achieve
the goal of the study.

1. Among previous academic research and professional practices, supply-side planning always
assumed some ad hoc high reliability target, while assuming one of the objectives of
planning is to meet demand at all time in planning process. What is the cost of achieving a
target reliability level under an uncertain future, particularly deep uncertainty? What is the
tradeoff between cost and water shortage risk for decision-makers? In other words, what
additional costs are we are paying to achieve an additional 1% of reliability? What level of
shortage risk is acceptable?

2. It is important to diversify water supply options and include non-structural solutions in the
portfolio. The questions are three-fold:
a. How to evaluate and select additional water supply augmentation alternatives to
maximize the benefit of diversification, given interactions among various options?

12

b. Which demand management measures are cost-effective, and to what extent can
demand management contribute to desired system reliability?
c. How does demand management change the forecast of future demand and subsequent
supply-side planning? What is the optimal portfolio that includes both structural and
non-structural solutions? What is the investment schedule?

3. Inclusion of additional supply infrastructure to the existing system can change system
operation. What is the optimal operational strategy for each type of asset?

4. Changing the existing planning approach can be difficult. As history demonstrates, having an
enabling environment and supporting institutional arrangements are critical for
implementation of change. What are some barriers in adopting the proposed approach?
What are primary principles and key features that allow changes and implementation?

1.5

Contribution of this work

The first contribution of this thesis is the risk-based planning approach. By quantifying trade-offs
between the cost and the risk of water shortage, it questions one of the long-existing assumptions
in urban water supply demand planning. By taking the existing concept of incorporating
correlation among different types assets and adapting it specifically to the field of water resource
planning, it improves the existing evaluation and selection process/method of water supply
source diversification under uncertainty. By synthesizing principal characteristics of institutional
features, it attempts to initiate multi-disciplinary discussion and to provide policy makers and
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water professionals with recommendations on necessary non-technical components for
implementation of the proposed approach.

The second contribution is its applicability in practice. Although some of the engineering
solutions may be case-specific geographically and financially, the proposed approach that allow
systematic construction of a diverse portfolio can be applied to many cities with various settings.
This approach does not limit specific techniques used for the mathematical modeling. If water
utilities adopt this planning approach, it is possible to modify their already developed models.
The ideas/structure and methods developed are the central contribution of this thesis.

1.6

Structure of this thesis

The objective of this study is to develop a decision support tool for choosing a theoretical
optimal water supply-demand strategy given uncertain future conditions, and for assessing
robustness of the optimal strategy under likely variation in climate and demand. For these
purposes, a diverse, risk-based portfolio planning approach is developed and a quantitative
model is used.

Existing literatures have several mature tools that could be used for the portfolio-based approach.
In Chapter 2, specific techniques of urban water planning are reviewed in detail. This chapter
first reviews how uncertainty and risk influence investment decision-making in the context of
urban water management. Then it reviews different investment strategies that have been
developed within the water resource management sector that deal with uncertainty.
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The following section, Chapter 3, details the risk-based framework and the portfolio planning
approach. It first provides a clear definition of water shortage risk. Then this section reviews
fundamental principals of financial portfolio theory and discusses limitations of its mathematical
models if were applied to water resources management problems. Followed by the discussion of
the drawbacks, Chapter 3 proposes a generalized, step-by-step risk-based framework and
provides a portfolio approach that is applicable for urban water management problems.

To show the applicability to specific management problems, we choose to develop a case study
in a metropolitan area so that we can design a model that captures key system operational
complexities and demonstrates concepts accurately. The water supply demand planning process
of Melbourne, Australia is suitable to serve as an example because its historical reliance on the
complex reservoir system and recent investment decisions of large-scale water supply facilities
during a 13-year Millennium drought.

Chapter 4 quantifies the proposed approach and develops a state-of-the-art decision support tool,
using Melbourne, Australia as an example. The tool is a hybrid of optimization and simulation
model. The optimization model selects the most cost-effective portfolio that satisfies a system
reliability requirement under given hydrological sequence during a planning horizon.

The

simulation model assesses performance of chosen optimal portfolios under a wide variety of
climate conditions.

This detailed case study exemplifies application of the portfolio-based

approach in a close to real situation. Take together, Chapter 3 and 4 enhance the emphasis of
necessity to adopt a holistic, risk-management planning approach.
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Chapter 5 explores policy implications of the portfolio-based approach in urban water supply
demand planning. It first discusses the vital roles of society and government institutions in
water-related decision-making processes. Acknowledging the primary focus of this thesis has
been focused from the scientific and technical perspective, this chapter identifies barriers that
could prevent adoption and implementation of the proposed risk-based framework and the
portfolio approach from socio-economic and institutional perspectives separately.

Chapter 6 summarizes the key concepts of the risk-based framework and portfolio planning
approach in urban water resource management. It highlights strengths and limitations of the
quantitative decision-support tool, and identifies potential research areas.
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Chapter 2 Literature review

Urban water systems can no longer be treated as single-source large-scale engineering systems.
They are complex economic-socio-engineering systems that serve multiple purposes–meet
domestic water demand, support economic development, and maintain ecological health.
Planning and management of urban water systems requires comprehensive and joint
consideration of supply and demand in the light of uncertainty. There is currently a mismatch
between the scale of time and the scope of influence on decision-making for water supply and
demand. From the supply side, infrastructure investment planning typically uses a top-down,
command and control approach. Water utilities, in coordination with municipalities, plan for and
invest in construction, operation and maintenance of water supply facilities. From the demand
side, water consumption decisions occur at the level of individual households and businesses.
The aggregate of these numerous localized decisions determines true water demand. The
centralized supply-side planning process faces increasing challenge to align with localized
dynamic demand forecast.

Extensive research exists on both supply- and demand- sides of planning. The supply-side
planning focuses primarily on the development of analytical tools for capacity expansion and
operation strategies for engineering systems, while the demand-side mainly looks at the
improvement of demand forecast models and policy instruments for demand management. Over
time, models have been developed to either represent the sophistication of technical details in
engineering or the complex nature of behavior-driven predictions of water consumption. The
existing literature fails to address physical water supply systems from a holistic systems point of
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view, overlooking the impact of demand management on future consumption predictions and
subsequent influence on planning of capacity expansion.

Through a systematic and comprehensive literature review, this chapter showcases the need to
develop an improved approach for urban water supply-demand planning. Section 2.1 first
defines concepts of uncertainty and risk, then describes how uncertainty and risk impact decision
making in the field of water resource management, particularly in the urban context. Section 2.2
reviews contemporary strategies to cope with uncertainty in urban water supply-demand
planning, from separate perspectives of both supply- and demand-side. Together, Section 2.1 and
2.2 present a comprehensive review of the tools available for supply planning and demand
management. It highlights the specific needs that should be addressed in an improved planning
approach. This chapter concludes with a discussion of the limitations of the existing paradigm
for planning under uncertainty.

2.1

How do uncertainty and risk affect decision-making in water resources
management

Having increasingly observed and experienced losses and damages from hydrological shocks in
recent years, water managers are increasing recognizing the importance of embracing uncertainty
in planning and management of water resources development. At the same time, water managers
can face significant consequences for the risks they take when making decisions under climatic,
economic, and social uncertainties. These decisions are often irreversible and capital intensive.
Clearly, uncertainty and risk are connected and are important factors in decision-making. In
order to understand the importance of uncertainty and risk for water resources management, the
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following section first highlights key differences between risk and uncertainty by providing clear
definitions of each. Then this section discusses how risk and uncertainty influence water resource
management and conducts a review of recent philosophical strategies that have emerged in
recent decades to manage uncertainty.
2.1.1

Are risk and uncertainty the same thing?

Although it is widely accepted that water resources planning and management should embrace
some manner of uncertainty and risk, the two terms are used generically in the literature without
clear definition, or are, at times, even used interchangeably. While the concepts are related, risk
and uncertainty are distinct. It is worthwhile to distinguish the differences between the two
terms, as they play different roles within analytical decision-support tools. This subsection
defines risk and uncertainty, while pointing out the nuanced differences between the two terms.

Uncertainty refers to a future state that involves different possibilities. Various reasons could
cause the existence of many possibilities, such as incomplete information, doubt, or natural
variation (Morgan & Henrion, 1992).

Risk is commonly defined as the “possibility of loss or injury” (Merriam-Webster dictionary).
Defined qualitatively, risk is a perception–it is relative to the observer. It is dependent on the
observer’s knowledge of a problem, attitudes towards danger and actions in response to risks
(Slovic, 1987). Defined quantitatively, risk encompasses three aspects–scenarios, likelihoods of
happening, and consequences. Kaplan et al. (1981) define risk as:
R = <si, pi, xi>
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where
si identifies a plausible but uncertain scenario (or damage situation)
pi assigns a probability to that scenario
xi quantifies the consequence or losses associated with a particular scenario

It is obvious that uncertainty and risk are closely connected: both terms imply that there is more
than one possibility for how the future will evolve, but the specific emphasis is different.
Uncertainty simply describes possible future states, whereas risk links each uncertain state to a
consequence. For decision makers, uncertainty provides an information inventory that allows
them to picture all future scenarios, but merely knowing future possible states is inadequate to
inform action. Risk, on the other hand, is the bridge that maps each potential scenario onto
concrete consequences to which decision makers can respond and take specific actions.

Having uncertainty and risk clearly defined above, it is important to recognize that the two terms
have been used interchangeably in some past formal decision theory applications (e.g: Camerer
& Weber, 1992; Tversky & Kahneman, 1992). Looking at these applications, some papers within
the existing literature referred to decisions that were made when the likelihood of the occurrence
of events was known or could be projected as decisions made under precise uncertainty or
uncertainty; other portions of the literature referred to these decisions as decisions taken under
risk. Given the difference between uncertainty and risk, it is clear that these two terms should not
be used interchangeably. It is important to note that the thesis does not adopt the latter
terminology. Since the recognition of climate change, besides uncertainty due to inherent climate
variation, there are situations where the probabilities of future circumstances cannot be
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estimated. To distinguish, the thesis refer to decisions taken under this condition as decisions
made under “deep uncertainty”.
2.1.2

Uncertainty in water resources management

Being a critical feature of water resources system, uncertainty plays an important role in the
modeling of water resources systems with subsequent implications for efficient planning and
management. Besides the natural variation in hydrological processes, other types of uncertainties
affect decision-making processes in water resources management in various ways. The different
features for various types of uncertainties imply that water managers will use them in different
ways to inform decisions. This section identifies uncertainties from different sources, with
particular attention to the context of urban water supply and demand planning. It also reviews
different measures and treatment of various kinds of uncertainty in the decision-making process.
Uncertainties associated with water supply
Ø Hydrological uncertainty
•

Hydrological uncertainty due to natural variation

Water supply systems, whether dependent on collection of river runoff, harvesting of
rainwater, or exploitation of groundwater, always face annual and seasonal variations. It has
been widely accepted that assessing hydrological uncertainty and subsequent effect on water
resource yield is critical in the planning and design of water supply systems.

•

Hydrological uncertainty due to climate change

Besides intrinsic temporal and spatial hydrologic fluctuations, water resource managers face
additional uncertainty posed by climate change. Climate change is likely to affect
hydrological variability, notably the change in the frequency, duration, and severity of
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droughts and floods (IPCC, 2007). In response to potential changes in climatic variables,
there are debates about basin hydrological responses to climate change, especially at regional
and local scales (Salathe et al., 2007).

Ø Technological uncertainty
As observed over the past 40 years, there are rapid changes in water purification technology.
Although the academic research community has frequently documented the advancement and
improvement of technology, the effectiveness of new technology are typically tested at small
scale. It is difficult to predict when and by how much improved technology will supplement
the available water supply.
Demand-side uncertainties
Considering uncertainties on the demand-side is critical to forecast long-term water demand
functions and develop possible scenarios.
Ø Socio-Economic Uncertainty
Estimates of municipal water demands depend on population projections and per-capita
water usage. Many factors influence population projections, including birth, death, and
migration rates per year for different age, gender, and ethnic groups (Alho, 1990). All of
which are subject to future socio-economic conditions. Many studies have shown that per
capita domestic water use depends on socio-economic characteristics, including population,
household size, income and education level (Arbués et al., 2003; Babel et al. 2007).

Ø Policy and regulation uncertainty
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Policies can have significant influence on the effectiveness of any decisions. Changes in
broader public policy and regulation, not only in the water resources but also in adjacent
fields such as land use and irrigation, can have substantial impacts on the feasibility of water
supply demand management strategies. For example, a desalination plant may not be a
feasible option for a city due to environmental concerns, or water allocated for irrigation
purposes in the past may become available for urban uses due to irrigation or economic
policy changes. Changing and evolving legislations and water-related policies add another
dimension of uncertainty to the planning process. In the context of urban water supply and
demand planning, these changes have impacts on how much water is legally available and
when and where is it available.
It is not possible to quantify all possible uncertain factors in urban water planning. The choice of
uncertainty factors and the level to which it should be quantified should be determined by
stakeholders and should reflect the largest impact on the projection of supply and demand.
Methodologies to be used for quantifying uncertain factors largely depend on available data
sources. The more accurate and detailed the uncertainty assessment, the more data it is required.

The above sources of uncertainty can be broadly categorized into two types: 1) uncertainty that
can be predicted with some known level of confidence or accuracy, and 2) uncertainty that
cannot be predicted due to insufficient information, lack of understanding and scientific
consensus, or simply unknown. Therefore, different approaches have been developed to cope
with these two different types of uncertainty, namely those uncertainties that can be quantified
and predicted, as well as those uncertainties where this is not yet possible. To this end, decisionmaking processes use various uncertainty measures and uncertainty analyses.
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Regarding uncertainty that can be predicted with some level of confidence, statistical analysis is
the main tool for assessing properties of uncertainty and constructing different scenarios. Three
metrics, each involving different levels of complexity, are common measures of uncertainty: (1)
the most complete and ideal description is by a probability density function (pdf); (2) confidence
intervals express the reliability domain of a parameter; and (3) statistical moments, such as
variance or standard deviation, provides convenient ways for comparison. Ideally, water
engineers should derive the exact probability distribution of the model output as a function of
those uncertain input parameters.

However, information is not always available. Many

engineering procedures or hydroclimatic models are nonlinear and highly complex, preventing
the probability density function from being derived analytically. Yen (2002) summarizes and
compares different methods to model uncertainty.
One important assumption embedded in the uncertainties discussed above is that they are
stationary. For example, water engineers typically assume that the hydrological processes of a
watershed can be described by a probability distribution that does not change over time. In recent
decades, we have observed more frequent extreme events that are unprecedented.

Climate change and subsequent policy responses add layers of complexity to the existing
uncertainty analysis. While hydrologists and climate scientists debate over the impact of climate
change on the yield of surface water resources, other non-water-related policies and human
behaviors, such as changes of land use, urbanization, population growth, can heavily influence
water-related parameters including evaporation, groundwater infiltration and surface runoff.
Since these parameters are inputs for water resource models, these changes and the associated
uncertainty are not included in traditional models. These features are categorized as
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nonstationarity (Aerts et al., 2011; Folke et al., 2002). This nonstationarity challenges the
assumption of the existing uncertainty analysis, which relies on using past observations and
adequate data samples to construct statistical profiles.

2.1.3

Risk in water resources management

Having introduced various types of uncertainty and their associated treatments in quantitative
analyses, this section discusses the role of risk in water resource management. To provide a
thorough overview, this section first categorizes different aspects of water security risks and
reviews the best available assessment tools. Then it focuses on the most relevant aspects of risk
in urban water supply demand planning. In addition to a quantitative discussion of relevant risk,
the last subsection reviews that part of the literature that gives insights on how decision makers
respond to risks. The review of risk in a qualitative sense complements findings so far on
quantitative risk modeling, and it provides the necessary knowledge base for a multi-disciplinary
discussion of the risk-based urban water planning approach in Chapter 5.

What is water security risk: do we have a quantitative answer?
Water security can have multiple definitions and implications, depending on the context.
Unfortunately, there is no uniform clear definition of water security. Without a clear definition,
risks are even less clearly defined. Not all of these risks are relevant in balancing of urban water
supply and demand because water security risk has many dimensions, concerning not only the
quality and quantity of water, but also water-related concerns that have implications beyond
water itself. In other words, water security risk can be classified in terms of insufficient water to
meet basic human needs and in terms of economic and social consequences that arise from water
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shortage. For example, water shortage can lead to insufficient supply for residential uses, but it
can also lead to issues of food security, as inadequate water for irrigation can reduce crop
production.

The multi-dimensional nature of water security risk was not recognized and resulted in
inconsistent use of the terminology. Different communities affected by water or water-related
risks have different interpretations of the term “risk”, yet they simply use the same term (e.g:
Grey & Sadoff, 2007; Hall & Borgomeo, 2013; Mason & Calow 2012; UN Water, 2013). For
example, UN Water (2013) defined risk as “water-related disasters”, while Grey and Sadoff
(2007) coupled availability of water and water-related risks to define risk as “tolerable waterrelated risk to society”. The ambiguous meaning of the term “risk” in water resource
management is problematic because the tools of risk assessment and risk management are
different, depending on what types of water security risks are present and to whom.

Risk assessment tools in practice cover a wide range of risk metrics
Over the years, a number of different risk assessment metrics and tools have become available
for general water related planning. The following are examples of the most widely used by
government agencies, international development organizations, and investors:

•

Aqueduct Water Risk Atlas (Gassert et al., 2014), developed by the World Resources
Institute (WRI), is a global mapping tool that assesses physical water risks (including
quantity and quality) and water related regulatory and reputational risks, based on various
causal factors.
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•

Water Risk Filter, developed by the World Wide Fund (WWF), is a risk assessment tool
to quantify water-related risks for all industries in each country. It uses 35 indicators
aiming to cover physical (quantity and quality), regulatory and reputational risks (WWF,
2014).

Besides the above risk assessment tools, another widely used one, mainly by the business
community is

•

The Global Water Tool (WBCSD, 2015), developed by the World Business Council for
Sustainable Development (WBCSD). It translates risk assessment results to actionable
risk management strategies for investors and firms. By collecting and analyzing data on
location and water use, this tool assesses a company’s water-related risks of supply
chains and operations. Based on the identified risks, the Global Water Tool provides
detailed response plans to mitigate such risks.

These risk assessment tools aim to cover multiple risk aspects by using a long list of risk-based
indicators, and they are useful to inform decision makers about the state or status of a particular
situation. While the various risk-based indicators cover a wide range of perspectives of water
related risks, these types of risk assessment tools sacrifice specific details for each type of risk
(i.e. physical, regulatory, and reputational). These risk assessment tools are useful for various
agencies because they provide simple and quick statistics for decision makers at a high level, but
the brevity of a simple number masks detailed information that is critical to case specific
analysis. In addition, since the private sector developed most of these risk assessment and
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management tools, their primary focus is on demand management, specifically actions that can
increase water use efficiency and reduce water use in the processes of operation. In conclusion,
these risk assessment tools give snapshots of current states of water supply-demand balance, but
they lack necessary, specifically-defined metrics for system analysis in urban water planning.

Risk assessment tools developed by academic research community focus on specific interest
Academic research communities have studied intensively the different types of risk modeling in
water resources management. Compared with the ambiguous use of the term “risk” in the
professional community, risk is defined more clearly in academic research on water resources
engineering. There are four major categories of water risks and associated tools of assessment
and management. Not all are relevant for this work because the focused points of these risk
assessments are different. We provide a brief overview for flood, ecological, and health risks for
completeness, and a detailed review on supply system risk.

Ø Flood risk.
Flood risks have been widely studied in the academic community with a focus on flood risk
analysis (e.g: Aerts et al., 2011; Hall et al., 2003; NRC, 2000) and risk-based design
protocols (e.g: Hewlett et al., 1987; USACE, 1999; Vrijling, 2001). Flood risk analysis
consists of calculating probabilities of flood occurrence of different magnitudes along with
expected economic damages in a target area by using Monte Carlo simulation. A flood risk
analysis presents a risk curve that shows the full distribution function of the flood damages in
the area under consideration.
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Ø Ecological risk.
This type of risk analysis focuses on damages to ecosystems and the environment because of
polluted freshwater or inadequate water left for the environment (e.g: Linkov et al. 2006;
Suter, 2006).

Ø Health risk
The purpose of various health risk assessment tools is to develop and update guidelines for
water quality that are safe for human contact.

Health risk-assessment tools focus on

identifying microbial and chemical hazards and developing human exposure-risk profiles (e.g:
Ashbolt, 2004; Fewtrell and Bartram, 2001).

Ø Supply system risk
Traditional supply system risk analyses focus primarily on the technical aspect of the water
supply system. The civil engineering community has developed several indicators to assess
risks associated with water quantity. Within this narrow definition, risk of water shortfall is
still multi-dimensional, including frequency, duration, and the magnitude of system failure.
Water utilities use these criteria to assess the performance of individual supply infrastructure
and the overall system. The three commonly used indicators (Hashimoto et al., 1982) are:

•

Reliability measures how often a supply system fails. It is essentially concerned with the
frequency of system failure. In other words, it measures the number of occurrence where
the amount of water available is less than the amount of water needed.
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To define reliability mathematically, we can denote a system’s output state or status at
time t by variable Xt. The variable can take two values, zero and one, where zero means
the system is in a state of satisfactory and one means the system is in a state of failure.
Applying this concept to water supply system, Xt takes value zero when the amount of
water available in the supply system is sufficient to meet demand, and Xt equals one
when there is not enough water in the supply system to satisfy the demand. The reliability
of a water supply system can thus be described by the frequency α that counts the number
of cases where a supply system is in a satisfactory state.
α = Prob [Xt = 0]
Risk, regarding frequency, is then defined as 1 – α.

•

Vulnerability measures how significant the likely consequences of failure might be. Its
key concern is the magnitude of the damage once the supply system fails to provide
adequate water to meet demand.

•

Resiliency measures how quickly a supply system returns from a failure state to a
satisfactory state. It is concerned with the duration of the damage state when a system is
at risk.

•

Robustness measures how well a supply system performance under a wide range of
conditions.
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While these metrics clearly defines different dimension of water shortage risk, they are used as
indicators that access a developed structure’s performance or targets to achieve for system
operation, rather than constraints or factors that are incorporated in the planning process. Water
managers do not always consider risks explicitly when making decisions. Some prefer to rely on
experiences and expert opinions while others, especially government agencies, require
mathematically based analyses.

How does risk affect urban water supply-demand management and decision-making?
The time aspect is an important factor to consider for water managers, especially when large
amount of past records and ambiguous information for future predictions are available.
Depending on the time frame of the issue and the political time horizon, different uncertainties
present different risk levels and consequently, different levels of relevance to the decisionmaking process.

Long-term decisions are typically associated with capital investment in large-scale infrastructure
projects. These projections have some common features: a large portion of costs represents
irreversible, in the form of upfront fixed cost, or commonly referred to as “sunk cost”; financing
of such projects can be challenging, partially because project loans require payments before
construction is complete and in advance of revenue can be collected.

Except for having significant financial impacts, long-term investment decisions pertaining to
infrastructure or policy are difficult to reverse and are expected to persist for a long time. Since
these investment decisions are made under various uncertainties (i.e. climate change, market,
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policy and technology uncertainties), risks are unavoidable. Taking capacity expansion for urban
water supply as an example, consider an infrastructure investment decision that can boost the
supply system’s reliability. Since there is no scientific consensus on estimation of future longterm (i.e. 20-, 50-, 100-year) rainfall patterns and subsequent impact on stream runoffs to
reservoirs, deciding on the type of infrastructure investment poses significant risks for water
managers and politicians. If there is more rainfall in the future, it will be cost effective to invest
in infrastructure that can collect large amounts of water, such as reservoirs; however, if there will
be less rainfall in the future, it might be worthwhile to invest in more expansive but climate
independent infrastructure, such as desalination plants. It is obvious that regardless of which
type of infrastructure is chosen, once the investment decision is made, it cannot be reversed.
Hence, no matter which decision is taken, water managers and politicians face risk, although the
risk is different in each of the two cases. In the case of the reservoir decision, the risk is whether
the capacity will be adequate even if future climate is drier than predicted; in the case of the
desalination decision, the risk is whether the government overinvested in an infrastructure that
will not be used for a long-term but with significant financial burdens on water utilities,
businesses, and citizens.

Compared to long-term decisions, short-terms decisions under uncertainty are less risky because
their impacts are much more predictable. In the context of urban water resource planning,
typical short-term decisions involve operation of various water infrastructure and policies
regarding management of demand. It is important to note that short-term decisions depend on
long-term decisions. For example, the proportion of release allocated to urban areas from
different reservoirs varies on a daily basis, depending on predictions of hydrological conditions
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on the next few days or weeks. The general yearly operation strategy, such as whether to operate
reservoir A to distribute water or to store runoff, is tied to long-term decisions.
What does “acceptable” risk mean for decision-making?
Recognizing the significant impacts involved in long-term, nonreversible investment decisions,
the most common question for water managers is what level of risk is acceptable. Although risk
assessment uses statistics and probabilities to predict plausible scenarios and evaluate associated
consequences in numerical terms, as defined earlier qualitatively, risk is influenced highly by
individual and social perceptions that are difficult to quantify. Various decision makers have
different risk perceptions and tolerances. Even the same decision maker can have different risk
perceptions and tolerances under different external environments or subject to different durations
of uncertainty (Ganoulis, 2008).

The notion of relativity embedded in risk is a major challenge in risk-based decision making.
Risk-based models assume decision makers are risk-neutral (Willows & Connell, 2003), or they
can specify their risk preferences at the time of making decisions subject to uncertainty. This
perennial question of “what is the acceptable risk” implies that risk is linearly comparable. In
other words, different types of risk, with the notion of different probabilities of occurrence and
magnitudes of consequences, can be comparable. However, as discussed above, water security
risk is multi-dimensional, and consequently, each aspect of the risk has its own risk profile,
which is not the same. Therefore, simply comparing different types of risks and choosing the
preferable risk is misleading.
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Nevertheless, the cost of reducing risks or benefit of taking risks can be linearly comparable
under special circumstances (Kaplan & Garrick, 1981). By introducing an explicit utility
function, one can compare the difference between the expected value of the utility function,
when taking different actions. Then the original question becomes: taking action A will cost $X
more dollars than taking action B to reduce the risk by a certain amount; is it worth it?

The key takeaway is that comparing risks in isolation does not help decision makers to prioritize
and to focus on the right questions. In other words, trying to decide the acceptable level of risk is
in itself the wrong way to ask the question. For any rational person, considered in isolation, no
risk is acceptable, without considering the possible return from taking such a risk, or the cost of
reducing the risk and the associated benefit. Thus for water resource managers, instead of
considering risk as a scalar, they should associate risk with costs of actions that reduce risks or
benefits of bearing risks. The kind of questions water resource mangers should explore then
expands to:

•

What are the risks for different systems?

•

What are the options to reduce each risk?

•

What are the costs of each option, and what are the remaining risks after taking such an
action?

In this way, risk is no longer simply an abstract qualitative term or a statistical quantitative term;
it communicates consequences of taking a risk or costs of reducing a risk. The “acceptable
risk” is thus framed in a more productive way, as a tradeoff question.
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2.2

Existing framework and strategies to cope with uncertainty in urban water planning
and management

As discussed in the above sections, water utilities and government agencies have acknowledged
the importance and necessity to incorporate uncertainty in urban water supply-demand planning
and management. Over the past two decades, water engineers and policy makers have developed
various strategies to safeguard urban water reliability. This section reviews strategies that
increase water supply as well as mechanisms that suppress demand.
2.2.1

Strategies on supply side

Two main approaches have been taken–the diversification of water supply sources and the
reallocation of available water between different users.
1. Source diversification
The core principles of source diversification are two-fold: increase total available water supply
and have multiple sources of supply. The following section categorizes five types of water
supply source and reviews their effectiveness and limitations in providing additional supply to
urban areas under uncertainty.
Ø Groundwater resources
Groundwater is a vital supply source to meet demands, providing 25 to 40 percent of world’s
drinking water (Alcamo et al., 2003). The total volume of global groundwater systems
represents 96 percent of all earth’s unfrozen fresh water.

It plays a vital role in alleviating the effects of drought in some arid regions (Garrido &
Iglesias 2006). Compared with surface freshwater resources, groundwater has some
advantages. It generally has a higher quality with better protection from pollution. With less
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evaporation, groundwater resources are not subject to multiannual and seasonal fluctuations.
The vicinity of consumers makes it easy to abstract and use locally.
Ø Water Transfer4
Water transfer projects, or sometimes referred as water diversion projects, have been
commonly used as a means to increase water supply to meet growing demand. They often
involve construction of canals and water storage facilities to transport water from a water
abundant region to a water scarce region. Water diversion projects from the Colorado River
to California provide numerous examples. To name a few, the Colorado River Aqueduct, a
242-mile canal completed in 1941, delivers water from Parker Dam on the Colorado River to
10 million people in the Los Angeles metropolitan area (MWD, 2015); the San Diego
Aqueduct, a 225-mile four-aqueduct, carries 900 million gallons of water a day for the city of
San Diego (USBR, 2012).

Generally, long distance water diversion not only involves construction of large size canals
and pipes, but it also needs pumping stations and dams. Several concerns stem from the
nature of this large-scale engineering solution. The first is the adverse environmental impacts
of water diversion projects. For example, prominent scientists have raised questions about
potential environmental damages anticipated with the South-North Water Transfer Project in
China (Chang and Li 2003; He & Zhang, 2007). The South-North Water Transfer project is
an ambitious US$62 billion project, which promises to deliver 44.8 billion cubic meters of
4

It is important to distinguish the term “water transfer” from the term “water trading”. In this thesis, “water transfer”
refers to diversion of water from a surface water or groundwater source to serve urban water needs. It does not
include the notion of monetary transactions of trading water rights, whether via a formal water market or any
informal means. It is worth noting that many literatures regarding the water market and trading in the Western
United States used the term “water transfer” as an equivalent of the term “water trading”, or it implies market-based
water transfer. This thesis does not adopt this terminology.
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water per year from the water rich Yangtze River to the arid north to alleviate water shortage
problems by 2050 (Cheng et al., 2009). The project consists of three routes, which link four
major river basins and affect about one third of China’s landscape. Zhang (2009) summarized
the four major environmental concerns surrounding the projects: water quality degradation
along the canal, ecological impacts of lake impoundment, secondary salinization in the
receiving areas, and invasion of alien species.

The second concern is high-energy consumption. Depending on the geology of individual
projects, when gravity flow is not possible, multiple pumping stations along the diversion
route are required to assist water to flow continuously. The energy consumption can be
astounding. For example, pumping water for the Colorado diversion projects consumes
approximately 20 percent of total California energy use (EPA, 2015). High-energy
consumption leads not only to more expensive recurring operation costs in the long-term, it
contributes also to greenhouse gas emission. In the era of combating climate change, such
projects that have high carbon footprints may face unprecedented environmental scrutiny and
potential political and social pressure.

The third concern involves a potential conflict on the right of water among users within a
river basin as well as between different river basins. When the river runs low, in times of
drought, competition for limited supplies can lead to conflict of interests among various
stakeholders. For example, intensified conflicts over water rights are well documented in the
Colorado River basin (Gelt, 1997; Toset et al., 2000). Not only farmers, urban municipalities
and environmentalists fought over allocation of water for different uses, but also seven states
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in the Colorado River basin fought over each of their share of the limited river runoff. To
avoid such conflicts, legal agreements and compacts are necessary tools to specify allocation
rules among different users and interests. However, the process of developing and
negotiating agreements are time consuming. Therefore, although water transfer is an easy
option from technical aspect, it can face significant political and legal barriers to be included
in a urban water supply system.
Ø Desalination
In recent years, there are growing numbers of large-scale seawater desalination plants being
built in water-stressed countries to augment available water resources. Scientists and
engineers believe that seawater desalination, among other supply augmentation options, has
the potential to offer seemingly unlimited and steady supplies of high-quality drinking water,
without being impacted by natural climate fluctuation and change (Elimelch & Phillip, 2011).
Early large-scale desalination plants were first constructed and operated in the arid Gulf
countries, using thermal desalination technology. It heats the seawater and then collects the
condensed evaporated fresh water. The downside of thermal desalination plants is the
substantial amounts of thermal and electric energy consumed, which lead to a large emission
of greenhouse gases (Semiat, 2008). Recent desalination technology uses reverse osmosis,
where seawater is pressurized against a semipermeable membrane that lets water pass
through but retains salt. Reverse osmosis technology is also energy intensive but has been
improved dramatically in the past 40 years (Fritzmann et al., 2007).

One concern with desalination is the expensive capital cost as well as high recurring
operation and maintenance (O&M) costs. More than half of the recurring cost is energy
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related. However, due to improvement on the membrane technology and pump efficiency,
the energy cost and O&M costs have bee reduced by approximately 56 percent since 2005
(Tal, 2006).

The biggest concerns with desalination involve its potentially adverse environmental
impacts, including high greenhouse emission and long-term effects on marine ecosystems.
Whether desalination uses thermal technology or current reverse osmosis technology, the
carbon footprint of large-scale desalination plants remains substantial. Environmentalists are
also have concerned about possible damage to marine ecosystems. Seawater intake can
impinge and entrain marine organisms and kill a large number of juvenile-stage fish (NRC,
2008). Elevated salinity of reverse osmosis brines and chemicals used in pretreatment also
pose significant environmental risks to organisms when discharged to the ocean (Lattemann
& Hopner, 2008).
Ø Water reclamation and wastewater reuse
Water reclamation and reuse is an established practice and can be used to meet potable or
non-potable uses. Four types of technologies are available to remove pollutants and
unwanted nutrients from wastewater, including anaerobic biological technology, thermal
technologies, microbial fuel cells, and membranes (Daigger, 2009). The scale of wastewater
reuse varies. Centralized systems are more compatible with potable reuse, and decentralized
systems are more suitable for non-potable reuse. In a centralized system, wastewater is
collected and treated to potable standards. Although direct potable uses are extremely rare,
there are numerous examples of successful indirect potable reuse in the United States, Europe
and Singapore (Daugherty et al., 2005; Durham et al., 2005; Seah et al., 2003). For example,
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Orange County in California has operated a 57,000 cubic meters per day water reclamation
plant since 1976. Treated wastewater meeting drinking water standard is injected into a
heavily used potable aquifer to mix with groundwater before extraction after 90 days
(Daugherty et al., 2005). Treatment technology, geology, and community attitudes are
important factors that decide the form of indirect potable reuse.

In a decentralized system, water reclamation facilities are located where relevant demand
exists. Wastewater, generated on-site, is removed from an adjacent wastewater collection
system, treated to the necessary quality, and distributed back to customers. Residuals from
the local water reclamation facility are subsequently discharged back to the wastewater
collection system and conveyed to the centralized treatment facility. This type of water
reclamation requires a dual pipe system, with one set of pipes conveying untreated
wastewater and another conveying recycled water. Most of applications of decentralized
system are observed in residential and commercial buildings (Daigger et al., 2005).

It is obvious that use of recycled water can reduce water shortage risk. However, in the
context of supply-demand planning, it is important to distinguish how wastewater reuse
projects contribute to the balance of supply and demand. Supply of high-quality wastewater
for potable uses by centralized wastewater treatment plant adds additional capacity to urban
supply systems, and use of treated wastewater on the local scale to substitute for non-potable
uses reduces demand for centralized potable water supply. In other words, water reclamation
can be used as a supply augmentation tool or as a demand reduction mechanism, depending
on how it is designed and the purpose for which it serves.
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While having the benefit of producing a steady amounts of water and reducing environmental
damages, there remain two major concerns about wastewater reuse. The most significant
barrier to implementing water reclamation projects is the low public acceptance, or the so
called “yuck” factor. Multiple surveys of public attitudes towards wastewater reuse found
that the level of public support for reuse depends on the degree of contact with the reclaimed
water (Jeffery & Jefferson, 2003; Sydney Water, 1999). Across these surveys, most of the
public support is for wastewater reuse for irrigation and non-potable uses, while acceptance
on potable reuse, including indirect potable reuse, is typically less than 50 percent. The
relatively low acceptance of potable reuse means that supplementing existing supply with
recycled water can be politically infeasible, although the benefits are clearly proved.
Ø Rainwater harvesting
Rainwater harvesting has been in existence since the Roman Empire. It involves collection of
rainwater in tanks or cisterns for domestic end use. Treated rainwater is often used for nonpotable domestic uses, such as flushing toilets, washing cars, and watering lawns. Compared
with supply from large infrastructure, rainwater harvesting system has long been perceived as
a cheap or even free source of supply (Krishna, 2005). Countries, such as China and India,
encourage and promote the installation of rainwater tanks. In Chennai, India, and in most
cities in China, residential building codes mandate installation and utilization of a rainwater
harvesting system (Srinivasan et al., 2010). Studies have found that rainwater harvesting
promotes potable water savings in buildings (Ghisi et al., 2006; Srinivasan et al., 2010).
While these studies showed the potential for using rainwater as a substitute for some potable
supply at local scale, very few studies have assessed how much water can be saved from
rainwater harvesting at large-scale. Villarreal and Dixon (2005) studied potential water
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savings efficiency from a rainwater collection scheme in a residential area in Ringdansen,
Sweden. At present, there are no studies evaluating the water saving efficiency of a rainwater
harvesting system at the scale of a whole city, simply because there does not exist such a
large scheme.

Rainwater harvesting has been a hot research topic since 2000 and has gained increasing
interests and popularity from planning and urban development agencies. There is a
substantial body of literature on the potential of rainwater harvesting, with two main focuses.
One set of studies focused on comparing potable water savings from different alternative
sources in terms of water quality and costs (Markropoulos et al., 2008; Sharma et al., 2008,
2009). These studies have emphasized making decisions at local or community scales,
attempting to match alternative water sources with household end use and water consumption
patterns. Other studies discussed the design of infrastructure systems across alternative water
sources, paying particular attention to the distribution network (Kang & Lansey, 2011).

Irrespective of its popularity, it is vital to distinguish the benefit of sustainability from
rainwater harvesting system and its true potential as an alternative supply option at large
scale. Similar to decentralized wastewater reuse, the main concept of rainwater harvesting is
to use water collected from rainwater tanks and harvested stormwater to replace the same
amount from centralized traditional water supply. Existing literature has numerous case
studies showing collected rainwater can be used as a supplementary source of domestic water
use (e.g: Sharma et al., 2008, 2009). However, neither the resiliency nor the effectiveness of
rainwater tanks under climate uncertainty, particularly in the face of an extended period of
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low precipitation, have been studied at either local or large scale. While it is undeniable that
treated rainwater can be a source of freshwater, like water captured and stored in a reservoir,
the available amount of rainwater still depends on the amount of precipitation. This implies
that the reliability of rainwater harvesting systems as a source of supply is highly correlated
with climate conditions. In the context of climate change, the precise effectiveness of
rainwater harvesting systems in increasing water supply reliability is unclear. Thus, despite
the fact that rainwater harvesting is widely referred to as an option for water supply
diversification, it is necessary to carefully examine its climate dependency and its true
contribution to overall urban water reliability for each case. In later chapters, this research
will address this gap by discussing key principles to consider, if rainwater harvesting is
incorporated in water supply-demand planning.
Limitations of existing supply diversification strategies
Having discussed various specific types of water supply sources, in addition to traditional
reservoir systems, there are three key caveats worth discussing.

•

Different supply augmentation options have varying degrees of dependency on climate
variability. This implies that not all options to supplement existing supply can provide the
same level of reliability. Desalination and water reclamation, regardless of the scale of
specific projects, are independent of climate variability, and thus resilient to climate
uncertainty. The yields of other options, discussed above, are subject to uncertainties bound
up in hydrological fluctuations and climate change. As the name suggested, rainwater
harvesting projects have the highest dependency on the amount of precipitation, resulting in
low or even zero yields during droughts when water is most needed. This means that the
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long-term reliability of rainwater harvesting projects, which are used as additional or
alternative supply sources, needs to be carefully evaluated under all climate scenarios. Water
transfer and extraction of groundwater have some dependency on climate conditions, as both
have complex links to the surface water hydrological cycles.

•

Investment decisions on new supply augmentations rely heavily on cost-effectiveness and
neglect interactions among various options, resulting in overestimation of available water
supply. In the process of water supply development, cities have typically tapped the cheapest
water sources to develop first. Later additions to water supply are either more distant
geographically in the case of surface water, or deeper in underground aquifers in the case of
groundwater. The cost curve (example in Fig 2.1) is a widely used, state-of-the-art analytical
tool for investment decisions on supply augmentation options. This decision tool provides a
visual representation of a microeconomic analysis of the cost and potential range of feasible
technical measures to close the projected gap between demand and supply in a city. Options
are ranked in an increasing order of marginal cost (showing on the vertical axis). Measures
that result in water saving from current base demand are given priority, compared with
options that augment existing supply availability. Essentially, the cost curve is a single metric
decision-making tool; it overlooks interactions among various proposed options as well as
with existing supply system. Cost curve analysis does not address the long-term reliability of
the entire supply system under various uncertainties, making it incomplete and insufficient as
an

investment

decision-making

tool
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for

water

resource

managers.

47
Figure 2.1 Water availability cost curve, China (Addams et al., 2009)

•

A growing number of studies (Characklis et al., 2006; Kasprzyk et al., 2009; Kidson et al.,
2009; Kirsch et al., 2009) and municipal supply demand water plans (NRDC, 2013) have
adopted the approach of source diversification, yet none of them have systematically
analyzed different diversification solutions. In other words, there exists a gap in the research:
current source diversification strategies are rather ad hoc and “pre-screened”. Existing
literature and studies focus on only one or two categories of alternative solutions, without
strong analytical support.

2. Reallocating water resource among sectors: use of water market
When treating water as an economic good, as discussed in Chapter 1, water transfer from
agriculture to urban users via market-based approach is not unusual. In the presence of a water
market, water is treated as a commodity–monetary transactions of defined rights to water access
between buyers and sellers are legitimate. For example, formal regulated water markets exist in
the Western United States, Australia, South Africa, Chile, and part of China (Grafton et al.,
2011).

The core concept of the water market concept is to reallocate water from relatively low-value of
irrigation use to high-value urban domestic and industrial uses5. Theoretically, it creates net
gains for the overall economy as well as “win-win” situations for individual buyers and sellers.
Most importantly, water markets reflect the ultimate economic value of water scarcity and thus

5

For detailed explanation of the value of water for urban use is higher than agriculture use, see Rogers, P., De Silva,
R., & Bhatia, R. (2002). Water is an economic good: How to use prices to promote equity, efficiency, and
sustainability. Water policy, 4(1), 1-17.
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permit allocation of limited water resource among a host of competing demands. Given that
agricultural water consumption constitutes approximately 70 percent of total water use,
economists argue that water reallocation is an economically efficient option for urban water
supply. The economic efficiency is well documented (Howitt, 1994; Schleyer 1996; NWC,
2010). For example, during the Millennium Drought, while water availability was reduced by
more than 50 percent, the value of the agriculture-dependent economy in Murray Darling Basin
stayed flat, thanks to the existence of a water market (NWC, 2010). Howitt (1994) showed
another example of the economic efficiency of a water market in California; he estimated a total
net benefit of US$105 million (in 1991 value) from market transactions between the 1987-1991
droughts. In particular, urban consumer surplus gain was estimated at US$59 million (in 1991
value).

While previous theoretical and empirical evidence suggested that the water market is an effective
tool for the overall economy to adapt to climate change, there are a number of concerns
preventing wide use and development of a water market. First, there can be substantial
transaction costs6 that reduce the net gains from buyers and sellers (Grafton & Peterson, 2007).
Ideally, water markets are competitive, and market prices reveal the marginal values of
demanders and suppliers, which should include the opportunity cost of using water in current
practice as well as conveyance costs and regulatory restrictions. However, transaction costs are
typically substantial relative to the water itself, and they can be a significant impediment to the
political feasibility of rural-urban water trading. Another concern is the third-party economic
impacts.

In particular, concerns on environmental externalities contributes to political

6

“Transaction costs” in the context of water market include “costs of establishing, monitoring and enforcing
property rights.” (Grafton & Peterson, 2007).
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constraints, as water managers face unprecedented growing environmental challenges (Connell
& Grafton, 2011).

A third concern relates to equity and social welfare. Unless explicitly

addressed by well-intended policy, water markets generally do not deliver on broader societal
welfare goals. Thus, there can be unintended social consequences. Once permanent water rights
are traded away from agriculture, rural communities concern about loss of water and the possible
emergence of “water barons” attempting to exert control over their water supply (Fargher, 2011).
Given these concerns, policy makers have to address institution arrangements and the degree of
regulation and restrictions on water market when evaluating and incorporating rural-urban
trading as a supply option for urban water use.
2.2.2

Strategies on demand side

There is an abundant literature and non-academic reports documenting the importance of demand
management. This subsection provides an overview of existing strategies and their effectiveness.
While this section categorizes the usefulness of demand management measures, it pinpoints
limitations of the current approach of managing water demand in the context of supply demand
planning in the face of uncertainty.
1. Policy instruments: conservation measures and mandatory water restrictions
A variety of practices has been studied and used to manage water demand. Often, conservation
programs are part of a drought emergency operation plan.

Install water efficient appliances. State or local government, in collaboration with water supply
utilities, collectively provide financial motives for residents to replace faucets, showerheads,
toilets, washing and laundry machines with flow-reducing or low-flow devices. Government can
also issue regulations requiring water efficiency standards for local water suppliers and new
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developments. Data analysis on how water is used along with end-use models can help utilities
decide which devices provide the largest water savings (Clarke & Brown, 2006). The key
concept is to provide residents with techniques to increase water use efficiency without changing
their behavior.

Education and publicity. There is evidence to suggest that water conservation is more apparent
when people believe that water is scarce and when they perceive that other water users are also
conserving water (Correal-Verdugo et al., 2002). Campaigns that raise awareness of water
scarcity and education programs that provide actionable tips on how to save water are a
necessary complement to other conservation measures and regulations. Information-based
education strategies with a single, clear message are more likely to be successful (Campbell et
al., 2004).
Mandatory limits on outdoor water use. Outdoor water use constitutes a main fraction of
domestic water usage. Imposing mandatory limits on outdoor water use can substantially reduce
water use when cities face water shortages. The key to ensure reduced water demand is
enforcement efforts for compliance. “Water cops”, social awareness, and voluntary monitoring
among neighbors are several means for enforcement. Typically, mandatory restriction is a shortterm measure and may cause damages to urban vegetation and landscape temporarily. However,
recent extended droughts in Australia and California show that possibility of extended use of
mandatory water restrictions for several years, due to continuous low water supply. In such
cases, policy makers need to consider the implications and consequences of permanent damages
on lawns, ornamental plantings, and urban ecology.
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Change of vegetation in urban landscape. Under the pressure of climate change, some regions
may become even drier. Acknowledging mandatory limits on outdoor water use is not a longterm solution, governments, such as the State government of California and Colorado, have
initiated programs to promote local plant species and drought resistant vegetation (Barta, 2004).

Many factors influence choices of specific conservation measures. The following questions
should be addressed:

•

How effective is each measure is likely to be?

•

How much will each measure cost?

•

How long will the effectiveness last?

•

Is each measure politically and socially acceptable?

•

How do multiple measures interact?
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BOX 1. A success example of demand reduction, California’s demand management
during 2011-2015 drought
California is a successful example of using demand management measures to combat an extended
severe drought. California is experiencing a record-breaking drought that started in 2012: as of
September 2015, major reservoirs storage dropped to 27.3 million acre-feet, representing only 29
percent of total capacity (DWR, 2015a), and the amount of snow in the Sierra Nevada, a critical water
supply source for California, is the lowest it has been in more than 500 years (Belmecheri et al., 2015).
Despite California’s abundant experience dealing with limited fresh water resources, the ongoing
drought is severe enough such that the governor of California has taken more strict measures to reduce
water consumption. Since declaring a State of Emergency in January 2014, the governor of California
issued Executive Orders (Brown, 2015) authorizing the State Water Resources Control Board to
impose a series of conservation measures to sharply reduce urban water consumption, including:
•
•

•

Impose the first ever mandatory water restrictions to achieve 25 percent reduction in potable
urban water usage through February 2016
Implement $30 million statewide rebate programs to provide monetary incentives for the
replacement of inefficient household devices 50 million square feet of lawns and ornamental
turf with drought tolerant landscape
Initiate a statewide public campaign, Save Our Water, providing practical advice to residents
and water agencies on how to use water more efficiently

Together, these measures has proved to be highly effective, and California average water use droped
31 percent in August 2015, exceeding the 25 percent mandate (Government of California). Average
residential use droped from 503 liters (133 gallons) per person in July 2014 to 371 liters (98 gallons)
per person in July 2015, representing a 26 percent reduction (DWR, 2015b). Although the average
residential water use is still much higher than water uses in other dry regions, such as Melbourne,
Australia, it is undeniable that these conservation measures and the governor’s mandate are highly
effective. Besides the well-designed policy incentives and measures, tight monitoring of compliance,
strict local enforcement, and wide education programs and outreach communications are critical
components to transform consumption reduction targets to actual water savings (DWR, 2015b).

Although mandatory water restrictions and well-incentivized policies can effectively reduce
urban water consumption dramatically in a short period of time, especially during drought crisis,
the long-term effect of different measures has to be considered carefully for future supply
demand planning. Water utility officials and some academics have expressed concern about
possible “water demand hardening.” The California Urban Water Agencies define demand
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hardening as “the willingness… [and] the reduction in the ability of a customer to achieve further
water reductions after the relatively easy and inexpensive water reductions have been
implemented.” Short-term conservation measures primarily focus on changing consumer
behavior for a short period of time, which are feasible during crises with consumers heightened
awareness of water shortage. As illustrated by the California example, effective short-term
conservation measures must be supported by wide spread education programs and positive
publicity. Long-term conservation stems from changes in fixtures, equipment, and landscape
choices. With the help of replacement of appliance rebate programs, it is easy and often
inexpensive for customers to implement these types of long-term conservation measures. While
upgrading to water efficient fixtures significantly reduces water consumption quickly (in months
or a year), it severely reduces the potential for additional conservation from this measure (Howe
& Goeman, 2007). It means that such conservation measures will no longer be effective for the
next drought emergency. In addition, future demand forecasting needs to be adjusted to reflect
the lower average water consumption as a result.

It is worth noticing that most demand management tools are reactive: they are widely used
during droughts as crisis measures rather than tools to reduce water shortage risk in the planning
period. Although some demand management strategies are only implemented under conditions of
low supply, the effectiveness of these measures have significant implications on water demand
forecast, both in the short-term and in the long run, and subsequently influence water supply
management and planning. Short-term impacts on demand can alter operations of supply
systems, and long-term impacts can change demand forecast assumptions, which lead to different
choices of supply options.
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2. Water pricing: an economic tool
Besides the above non-price approaches to conserve water, efficient water pricing is another tool
to reduce demand. Since water is necessary for basic human needs, the effectiveness of water
pricing to reduce demand depends on the elasticity of different types of water demand. Studies
(Espey et al., 1997) have found that residential demand is inelastic at current price, meaning that
increasing water price has little effect on indoor domestic consumption. For example, the price
elasticity ranges between -0.38 to -0.64 in the United States (Espey et al., 1997). With an
elasticity of -0.4, the marginal water price needs to increase by approximately 50 percent if a
water utility wants to reduce demand by 20 percent during drought. However, industrial water
demand has a higher price elasticity than residential demand but this varies by industry (Griffin,
2006).

Many economists argue that price-based water conservation policies are more cost effective than
non-price based ones. They argue that price-based policies encourage behavior through market
signals rather than through explicit directives and offer more flexibility to individual households
and businesses as the means of achieving demand reduction goals. Olmstead and Stavins (2009)
illustrated the basic economics of the argument (Fig 2.2). Figure 2.2 shows two households with
the same indoor demand curves but different preferences for outdoor use. The difference in
slopes reflects differences in price elasticity. The steeper outdoor demand curve in household B
reflects stronger preferences for outdoor consumption, meaning that household B will reduce
relatively less outdoor demand compared with household A in response to a price increase. At
−

unregulated price p , both households consume the Qc amount of water indoors but different
amounts of water outdoors,

QAunreg ,QBunreg

respectively. Consider two scenarios. If there is a
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mandate on outdoor water use, outdoor water consumption for household A and B reduce to

QAreg

and

QBreg

, respectively. This creates a “shadow price” for outdoor consumption (λ), which

is higher than current unregulated price. Since household B is willing to pay more for an
additional unit of water,

λB

is higher than

λA

. If instead of outdoor water restrictions, water

supplier charges price p* that can achieve the same aggregate level of water conservation as the
water restriction, consumers would have flexibility to achieve the demand reduction goals from
substitution within and across households, eliminating the shaded deadweight loss. The savings
from the price-based approach are driven by two factors: (1) allowing heterogeneous responses
to the regulation across households, which result in substitution of scarce water from those
households who value it less to those who value it more, and (2) the ability of households to
decide which uses to reduce according to their own preferences.

Figure 2.2 Illustration of cost effectiveness of price-based water conservation tool
(Olmstead & Stavins, 2009)
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Empirical studies supported the theoretical analysis (Grafton & Ward, 2008; Mansur &
Olmstead, 2012). For example, Grafton and Ward (2008) estimated an economic loss of
AUS$235 million (in 2004 value) by mandatory water restrictions in Sydney, Australia in 20042005, or an equivalent of AUS$150 per household, which is approximately one half the average
Sydney household water bill in that year.

In the short run, price increases reduce demand dramatically during period of water scarcity and
allow consumers to adjust their end uses of water. In the long run, price increases provide
stronger incentives for the development and adoption of new water conservation technologies
and land-use patterns as well as industrial location decisions (Olmstead & Stavins, 2009). When
the water price is set at the long run marginal cost (LRMC), which increases over time,
households and businesses stand to save water costs from adopting technologies that provide the
desired level of water conservation. Households may also choose to change to landscape
vegetation that is more drought resistance to save cost on outdoor water use. Water intensive
industries, such as oil refining and semi-conductor manufacturing, will tend to relocate to water
abundant regions.
2.2.3

Existing strategies and links with the Integrated Urban Water Management
(IUWM) framework

As introduced in Chapter 1, IUWM is a framework for sustainable water management, which
integrates all elements of the urban water cycle, to cope with climate uncertainty. It emphasizes
interactions among major component of the urban water cycle–water supply, wastewater disposal
and urban drainage, but there is no discussion of the interaction among individual supply
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infrastructures. So far, academic studies that applied the IUWM framework have focused on
selection and design of technologies and options.

The framework provides helpful directions for supply-demand planning.

For example,

approaches of source diversification and non-price water conservation measures are inspired by
IUWM principles. However, it is worth noticing that most present studies tend to bias towards
one particular principle–integration of decentralized supply measures within urban water supply
systems. These studies developed various computational models to demonstrate roles of
decentralized water infrastructure in an integrated urban cycle (Makropoulos et al., 2008).
Although these studies provide theoretical evidence to demonstrate that decentralized water
infrastructure can be one measure to add resiliency to urban water services, other measures and
principles of the IUWM are largely overlooked. Studies appear to follow the trend of overemphasizing the usefulness of decentralized water infrastructure. In fact, decentralized water
infrastructure is only one typs of measure that should be considered in an urban water system.
Other measures that diversify water supply sources should also be considered and evaluated. In
addition, the exact weight of decentralized water infrastructure in an urban water supply portfolio
has not been carefully studied and is an important one that should not be overemphasized and
overlooked.

2.3

Summary of research gaps

In conclusion, research gaps in the context of urban supply-demand planning are three-fold: (1)
lack of clear definition of water security risk, (2) need for an alternative paradigm to formally
incorporate risk in urban water supply-demand planning, particularly in the process of
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investment decision making, and (3) lack of a systematic approach and analytical tool for riskbased supply-demand investment planning under uncertainty.

This thesis will address all the above gaps. Chapter 3 will define water security risk, describing
the risk-based paradigm and methodology of the portfolio-approach analytical tool. Chapter 4
will demonstrate the risk-based portfolio approach using Melbourne, Australia as a case study.
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Chapter 3 Methodology: a risk-based portfolio approach

Identified in Chapter 2, one of the key research gaps is the lacking of a clear definition of water
security risk in the context of urban water planning. More importantly, a risk-based framework is
necessary to address the increasing challenge of providing reliable water supply services to
address a growing need under uncertainty.

Previously, water security risk is a one-dimensional metric concerning the number of times water
supply fails to meet demand. In other words, water security risk only measures the frequency of
system quantity failure. Vulnerability, which measures severity of water shortage once it occurs,
is another important aspect of water security risk. However, traditional planning approaches do
not proactively consider this measure in the process of supply-demand planning. Failure to
anticipate the severity of water supply shortage leads to crisis management and underinvestment
in the long run.

In this thesis, we first propose an alternative definition of water shortage risk, which then is
proactively integrated in the supply-demand planning framework. The proposed water shortage
risk is two-dimensional, concerns both the frequency of water shortage occurrence and severity
of water shortage if occurs. In other words, water shortage risk measures reliability and
vulnerability of shortage. Under the proposed risk based framework, we apply core concepts of
portfolio theory and develop an approach to select the cost-effective water supply-demand
portfolio that achieves a long-term desired reliability level.
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The chapter is organized as follows: section 3.1 introduces core concepts of the Modern Portfolio
Theory of finance, followed by a discussion of its mathematical formulation and the need for a
state-of-the-art model for its application to water resources management problems. Section 3.2
describes the procedure of the proposed risk-based framework and the portfolio approach to
selecting a diversified water supply-demand strategy to achieve long-term reliability.

3.1

Apply portfolio theory to water resource management

As discussed in the previous Chapter, diversification of water supply sources is an effective
strategy to reduce water shortage risks under climate uncertainty. Only a handful of studies
(Aerts et al., 2008; Figge, 2004; Pahl-Wostl et al., 2007) explored analytical tools of a systematic
diversification strategy for natural resources management problems. They found Modern
Portfolio Theory (MPT; Markowitz, 1952), traditionally used in financial research, has
significant potential to be applied and adapted to the field of natural resources management.

In this section, I first introduce the core principles of MPT, in particular the intuition behind
relations between diversification and risk reduction. Then I argue why the Markowitz
mathematical model is not applicable to problems in water resources management,
demonstrating the need to develop a fit-for-purpose analytical tool for water resource managers
when determining supply augmentation investments and selecting water conservation programs.
This section provides necessary background for audiences who are not familiar with the MPT
with key principles that are fundamental to apprehend the proposed portfolio approach for urban
water investment planning.
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3.1.1

Introduction to portfolio theory

Diversifying investments has long been used as a strategy to reduce risk by investors. To
maintain an acceptable return facing market volatility, investors rarely hold a single financial
asset. Instead, they hold various combinations of financial assets. By doing so, investors actively
diversify risk. Returns from portfolios become less sensitive to price changes of individual
assets. Recognizing the value of diversification, the question is how to select various assets to
maximize financial returns. MPT (Markowitz, 1952) addressed the question of which the set of
assets investors should select and the share of each asset in a portfolio. MPT aims at finding
combinations of different financial assets that diversify risks thereby reducing the overall risk of
total investments. In other words, it describes a strategy to select portfolios that maximize
expected return for a preferred level of risk.

The expected return, 𝑅! , of an individual asset 𝐴! is a weighted average term, depending on
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From equation 3.6, it is clear that investors can reduce portfolio risk simply by holding assets
that are not perfectly correlated. In other words, investors can reduce their exposure to individual
asset risk by holding a diversified portfolio of assets. Diversification allows for the same
portfolio return with reduced risk.

For portfolios containing the same set of assets, not all asset combinations are optimal; at the
same risk level, there is an optimal asset combination, which has the highest expected return
among all possible combinations. Consider a possible portfolio as a return-variance combination,
there exists an efficient portfolio for which no higher expected returns could be found for the
same risk. Such a portfolio is also known as the minimum-variance portfolio. Figure 3.1 shows
the efficient frontier (solid black line) representing a set of efficient portfolios for various risks.
Compared with individual assets, it is clear that portfolios lies on the efficient frontier yield
higher return for the same risk. Similarly, investors are unlikely to choose portfolios that lying on
the curve below the MVP (dashed grey line) since there is another portfolio on the upper part of
the curve (solid black line) with higher expected return at the same level of risk.
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Figure 3.1 Demonstration of efficient frontier of risky assets
Mathematically, selection of the minimum variance portfolios can be formulated as follows:
Minimize V p
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The solution to the above formulation is the minimum-variance set, or the efficient set of
portfolios. The model can be solved by quadratic programming or piece-wise linear programing
(Elton et al., 2009).

After deriving the efficient portfolio frontier, investors can decide which portfolio is optimal
depending on their degree of risk aversion. In other words, the single preferred portfolio depends
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on the investor’s willingness to tradeoff risk against expected return. The level of risk aversion
can be characterized by defining the investor’s indifference curve, or utility curve, consisting of
family of return-variance combinations that reflect the same level of risk aversion. For example,
two sets of indifference curves labeled U1 and U2 are shown in Figure 3.2. An investor is
indifferent to any combination of return and variance along curve U1 or U2. An investor with the
utility curve U2 is less risk-averse than an investor with utility U1, meaning that investor with U2
curve is willing to tolerate more risk in expectation of higher returns. The optimal portfolio,
depending on the investor’s risk-return preference, is the tangent point of a utility curve and the
efficient frontier.

Expected Return

B
A

Minimum
variance
portfolio

0

Efficient
frontier of
risky assets

Standard Deviation

Figure 3.2 Demonstration of efficient frontier and derivation of the optimal portfolio

Mathematically, the problem of optimal portfolio selection and subsequent optimal asset
combinations can be formulated as the following optimization problem:
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⋮ is the covariance matrix,
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𝐴 0 ≤ 𝐴 ≤ ∞ is the risk aversion index, and 𝑅 = ⋮ is a vector of expected returns of
𝑅!
individual assets. Note that 𝑋 ! 𝐶𝑋 is the variance of the portfolio and 𝑅! 𝑋 is the expected return
on the portfolio.

The above discussion described core concepts of MPT and the mathematical formulation of
optimal portfolio selection. It demonstrated the value of diversification in reducing risk exposure
in an uncertain environment and provided mathematical techniques to develop an optimal
diversification strategy. In the context of urban water resources management, reducing water
shortage risks in an ever-changing climate is a looming challenge. The current approaches,
which focus on risk assessments rather than active risk management, are no longer capable of
providing solutions to the challenge. The portfolio theory offers a new perspective on the
robustness of water supply reliability under uncertainty.
3.1.2

A critical review of key papers that used MPT

Few studies of water resource management have attempted to apply the MPT to address water
resources management problems. This section provides detailed reviews of these studies. While

76

the review illustrates the potential of MPT, it highlights critical limitations of the MPT
mathematical formulation, when applied to urban water management practices.

In the area of flood risk management, Aerts et al. (2008) applied the minimum-variance portfolio
model for developing flood protection strategies. Through systematically combining four
different flood protection measures, they showed that portfolios that contain measures which are
partly uncorrelated diversify the overall flood risk, demonstrating the importance of
understanding the correlation of the returns of various flood management activities.
In the area of urban water supply management, application of the MPT, particularly the
Markowitz model, are scattered. One group of researchers investigated the development of
diversified portfolios of market-based water assets7, with results suggesting the potential to
provide greater adaptability to climate uncertainty with less supply capacity and lower expected
costs (Characklis et al., 2006; Kasprzyk et al., 2009; Kidson et al., 2013; Kirsch et al., 2009).
These studies have only considered market-based assets for compositions of water supply
portfolios. Since options (i.e. desalination plants, reservoirs, rainwater tanks, etc.) that expand
supply capacity are not included in the supply planning analyses, the scopes of these studies were
limited; they focused purely on various computational methods to optimize portfolio selection
within market-based transfer. While the portfolio selection models evolved with growing
sophistication, the underlying intuitions still stemmed from the Markowitz model. Within this
limited scope, the application of the Markowitz model is appropriate because market-based
assets (e.g. permanent rights, options, and leases) share similar characteristics with financial

7

Market-based water assets refer to various water contracts exist in an active water market. For example, permanent
rights, options, and leases are common types of market-based water assets that can be used by water utilities as
means of supply options.
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assets. For example, the price of a water rights trading contract can be analogous to the return of
an individual financial asset. However, unlike market-based assets, “hard” water assets, or water
supply infrastructure, are significantly different from financial assets. Water supply infrastructure
is bound to its physical system constraints. This means that delivery of water services from water
infrastructure requires physical delivery. This key difference between engineered water assets
and financial assets makes direct analogy and application of the Markowitz model less useful.
Wolff (2008) presented a new metric, constant-reliability of water supply unit cost, to evaluate
water supply augmentation options. He upgraded the cost-curve style analysis by integrating the
reliability of individual water supply options into the traditional cost-effective analysis. Instead
of comparing unit marginal cost of feasible supply augmentations, the author used unit costs that
are adjusted for supply reliability in the analysis of new water supply projects selection. Using
the new metric of cost-reliability, this study showed that surface water, which is usually a low
cost option compared to desalinated seawater, became more expensive once its variability was
accounted for. Although the new metric considered the reliability of individual supply
infrastructure in planning analysis, water shortage risk is still being treated as an exogenous
variable. Water shortage risk remains a rubric for system performance assessment rather than
part of a tradeoff in the decision making stage.

Kidson et al. (2009) applied the fundamentals of the MPT to analyze the reliability of the
Southern California Metropolitan Water District plan. The results showed that supply reliability
was sensitive to portfolio composition. As the proportion of dependency on hydrological sources
increased in the portfolio, reliability declines markedly, demonstrating the significance of
including climate independent solutions in a portfolio for high reliability. Through Monte Carlo
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simulation, the analysis was useful in illustrating that the composition of portfolios matters, but it
did not propose a method for portfolio selection.

Leroux and Martin (2014) derived an analytical solution for allocating optimal portfolio shares
of pre-determined supply options.

While the study modified the Markowitz model to

accommodate gamma distributed hydrological variables (i.e. inflows and rainfall), the analysis
was unable to account for the dynamics of supply system operations.

In summary, the above studies have applied MPT to various degrees, but none proposed a
comprehensive approach that captures both the essence of the portfolio theory and the distinct
dynamics of urban water system.
3.1.3

The need to develop a state-of-the-art model for urban water planning

So far, it is clear that the MPT can add additional value in improving urban water management.
Yet the degree of its applicability has rarely been discussed. One particular downside of MPT is
worth noticing, especially when it is applied to problems in water resource management. MPT
tends to miss system dynamics (Beyhaghi & Hawley, 2013), meaning if conditions change, it
may use the wrong assumptions (e.g., volatility of precipitation under climate change is higher
than assumed) and its decision may not be robust in the face of such problems. This is
particularly relevant under conditions impacted by climate change. At present, the above studies
and planning agencies in practice assumed that distributions of precipitation and surface water
yield are stationary. But this assumption has been debated and challenged within the climate
science community. Although it is unclear whether and how the present distribution of
hydrological variables will change, incorporation of potential nonstationary hydrological
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conditions in estimating asset variance needs to be carefully considered when applying the
Markowitz model to water resource management.

Besides the general limitation of MPT, the Markowitz mathematical model of portfolio selection
is not useful to urban water planning for four reasons:

(1) Under the Markowitz model, it requires quantification of each individual asset’s variance, but
quantifying variance of return for each individual water asset or conservation measure is
infeasible. Shown in Eq. 3.2, three parameters, probability of possible state, actual return of
the asset in the state, and the expected return of the asset, are needed to calculate the variance
of an individual asset. First, the probability of possible states of the climate may not be
known under climate change (see discussion of deep uncertainty in Chapter 1 and 2).
Secondly, returns of climate dependent assets at each possible state are stochastic, which is
not the case for financial assets. Estimation of existing reservoir yields can be done by
approximating a distribution with mean and variance based on historical record. But
decentralized climate dependent assets (i.e. rainwater tanks, stormwater harvesting schemes)
are relatively new and simply do not have enough data to allow qualified estimation. In
addition, there exists correlations between decentralized assets; therefore, estimation of the
accumulative expected supply availability and total variance is almost impossible, even if
expected, the yield and variance can be estimated for each local project.

(2) The Markowitz model cannot reflect complex interactions among individual infrastructures.
One of the key differences between “hard” water assets and financial assets is the existence
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of capture and storage dynamics within surface water systems. The MPT is useful in proving
supply portfolios contain imperfectly correlated, or better, uncorrelated water assets have
lower water shortage risk. Nevertheless, the techniques used to quantify correlation between
assets are insufficient to grasp both climate correlation and system dynamics between water
assets.

(3) Financial portfolio optimization allows adjustment of capital allocation over time, but most
water asset investments are irreversible, implying there will be no capital reallocation to the
same asset once the investment decision is made.

(4) While MPT assumes financial assets have a normal distribution, hydrological variables, such
as inflow and precipitation, rarely follow a normal distribution. Studies have found that
hydrological inputs tend to follow either lognormal or gamma distributions (Leroux &
Martin, 2014; Groisman et al., 1999). This means that estimation of the variance of assets
and portfolios in the Markowitz model is no longer suitable.

For these reasons, it is necessary to develop a fit-for-purpose mathematical model that applies
key principles of portfolio theory while capturing the critical characteristics of physical water
supply systems.

3.2

A risk-based portfolio approach for urban water supply-demand planning

The portfolio theory can help select optimal portfolios that deliver reliable water supply services
at different level of risk preference, but it does not inform decision makers about the timing of
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the implementation of supply augmentation and conservation measures over the planning period.
Water resource managers need additional tools to decide when to make investment decisions in
order to achieve the desired reliability. Studies have shown that optimization techniques allowing
sequential decision-making could be helpful (Becker & Yeh, 1974; Beh et al., 2014; Mortazavi
et al., 2014). A sequential decision making process divides the entire planning period into
several stages and solves the problem by selecting various water assets at the beginning of each
decision stage, in a manner such that the portfolio for the entire planning horizon is optimal,
given future hydrological and demand information are unknown at the time of decision making.
Figure 3.3 exhibits a schematic example of a decision making process for urban water supplydemand planning. For example, Si represents water availability at each time period. Within each
decision stage, this availability varies from one time period to the next depending on
precipitation, stream runoff, and consumption of last time period. Moving from one decision
stage to the next (i.e. from j1 to j2), additional supply options maybe implemented, thus
increasing the total water supply capacity. In addition to the existing supply system, supply
augmentations chosen at each decision point constitute the portfolio for the entire planning
horizon. The portfolio with least expected cost that satisfies the reliability requirement is the
optimal portfolio.

By using the sequential decision making process, it allows decision makers to recognize new
information and to incorporate it in the next decision stage, thereby delaying expansive, risky
decisions as more information is available and adjusting current operation strategies as additional
supply options and conservation measures are included in the portfolio. For example, at Decision
Point 1 (Figure 3.3), future climate and demand situations are unknown, so decisions are made
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based on historical patterns and various projections of future possibilities. As new information is
being reveled over time during time period t1 to t5, decision makers observe the actual climate
and demand evolution (indicated by black dots). This newly revealed information allows
investment decisions and operations of existing assets to be adjusted at decision point 2. Its
ability to account for uncertainties and flexibility to adjust decisions based on additional
information makes the sequential decision making process comprehensive and systematic.

Figure 3.3 Decision making process diagram

In line with the underpinning philosophy discussed above, this thesis proposes a portfolio
approach that diversifies risk among supply sources under supply and demand uncertainty.
Distinct from other studies, this study extends the range of portfolio components. In addition to
include supply augmentation options in the portfolio as part of a diversification strategy, water
conservation programs and demand management measures are also considered as plausible
components of the portfolio. The proposed portfolio approach consists of three steps: (1)
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identification of the Pareto efficient frontier8 of diverse water supply-demand portfolios over the
entire planning period; (2) assessment of the performance of the efficient portfolios and
subsequent sequential investment plans in terms of robustness over the entire planning period
and variation of the objective; and (3) selection of water supply-demand investment strategies
and implementation plans. Figure 3.4 shows a schematic representation of the proposed riskbased decision making framework under uncertainty. Details of each of these steps are described
in the following sections. It should be noted that the proposed framework could be easily adapted
to any city facing water scarcity challenges.

8

Pareto efficiency is a sate in which it is impossible to make any one individual better off without making at least
one individual worse off. In this case, a Pareto efficient portfolio means that it is impossible to reduce water shortage
risk without increasing investment costs.
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Figure 3.4 Schematic representation of risk-based portfolio approach for urban water supplydemand planning under uncertainty
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3.2.1

Identification of Pareto Efficient Frontier of Water Supply-Demand Portfolios

The first step is to formulate the problem, which involves setting the objective(s), characterizing
system constraints, and defining planning horizons. The second step is to characterize
uncertainty factors that will be quantified, and the third step is to identify all potential options
that can either increase supply availability or conserve consumption. The last step is to apply a
suitable optimization method to solve for the Pareto efficient portfolios for a set of constraints.

a. Formulation of optimization problem
The main goal of this step is to decide the priority and to define the scope of the problem.

i. Define the scope and select objective. Given the trade-off concerning cost and risk, there
can be two different ways to define the objective, either to minimize water shortage risk
or to minimize costs. The difference in formulation of the objective function has
implications reflecting discrete policy priorities.

Remember that water shortage risk includes two components–reliability and
vulnerability; hence minimizing water shortage risk means maximizing reliability level
while reducing system vulnerability simultaneously. In other words, the objective of the
optimization when prioritizing risk minimization is to find the most robust supplydemand strategy to a wide range of plausible conditions. In mathematical modeling,
robust optimization is a technique to achieve such goals. In order to find the most robust
strategy, the objective is to find a portfolio such that the system achieves its desired
reliability level even in the worst-case scenario and aspiring to minimize the volume of
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supply-demand shortage gap. Robust optimization is inherently well suited to
applications where failure would be catastrophic. It may be a suitable objective for
designing drought and flood emergency plans in the short-term, but it is not suitable for
long-term management because conservatism in guaranteeing absolute system reliability
could result in a dramatic increase in capital and operation costs due to redundancy or
capacity expansion (Hashimoto, 1980).

Often facing budget constraints, a different policy prioritization, besides risk
minimization, is to achieve cost-effectiveness conditioned on some pre-determined level
of service. Under this situation, the objective aims to minimize costs of water supplydemand portfolios over the entire planning horizon. Costs include engineering costs (i.e.
one-time capital and construction costs, annual operation and maintenance costs), social
costs (i.e. penalty costs9 if supply cannot meet demand), and necessary environmental
costs. For each supply augmentation, capital costs are discounted to the end of the
construction period then annuitized over the structure’s intended useful life. For each
demand management measure, in analogy, one-time program costs are treated the same
way as one-time capital costs, and reoccurring regulatory and administrative costs are
treated similarly as infrastructure operation and maintenance costs.

ii. Determine planning horizon with decision stage intervals. An appropriate planning
horizon needs to account for the lifespan of different water infrastructure. Depending on

9

Penalty costs reflect severity of water shortage risks. It is derived from consumers’ willingness to pay to avoid
water supply shortage. Assuming per unit volume of water shortage penalty cost follows a linear trajectory, the
higher the penalty cost, the more severe the water shortage. Detailed modeling of penalty costs for a specific case in
Melbourne is explained in Chapter 4.
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the purpose, planning horizons range from 20-100 years. Mitchell et al. (2007) suggested
using a 50 – 100 year time horizon to fully account for long-term sustainability.
Municipalities and local governments tend to use shorter time horizon (e.g. 20 – 30 year)
to account for sufficient hydrological variation but limit the large uncertainty around
future climate and economic prediction. Determination of the interval between two
decisions should reflect a realistic time period of reassessment.
Because large-scale water supply infrastructure is capital intensive, water utilities and
governments do not make investment decisions every year. Depending on each specific
case, large-scale infrastructure investment decisions are often revisited every 5 or 10
years. This defines a decision stage interval. The number of decision stage intervals, r,
can be calculated using the total length of planning horizon divided by the number of
time periods within an interval. For example, for a planning horizon of 50 years, a 5-year
decision duration results in 10 decision stage intervals (i.e. 50/5 = 10).

iii. Define constraints. A set of constraints needs to be met while optimizing the objective.
These constraints model the water balance, operation, and capacity of physical supply
systems as well as compliance with environmental regulations. The frequency of water
shortage risk is another important constraint. This constraint limits the number of time
periods a city can experience water shortage over the entire planning period. Note that
this is in contrast with the existing planning framework where water shortage risk is not
integrated (i.e. supply is modeled to be greater than or equal to projected demand).
b. Characterization of uncertainties and development of scenario paths

88

Next, the uncertain variables and their appropriate measurements need to be selected. As
discussed in Chapter 2, it is not feasible to quantify and to model all uncertainties; uncertainties
that affect the availability of supply and pattern of demand are necessary. Climate and
hydrological variables (i.e. rainfall, temperature, evaporation, stream runoff) that are random
variables affect supply availability. For each of these supply-side uncertain variables, a
probability distribution with mean and variance can be obtained by analyzing long-term
historical records. Socio-economic variables (i.e. population, per capita water consumption,
water tariff, conservation policies) are random variables affecting demand projections. For each
of these demand-side uncertain variables, time series and econometrics studies can provide a
discreet number of plausible future conditions over the planning horizon.

After characterizing each uncertain variable, the dynamics of the uncertain balance between
supply and demand is captured by a set of scenario paths that consist of different combinations
and values of both supply- and demand- side variables. It should be noted that the supply-side
uncertain variables are continuous parameters, and discrete scenarios need to be approximated in
order to develop the scenario paths. There are various techniques to derive a multi-stage scenario
tree from the probability distribution for water supply capacity expansion and reservoir
operations (Dupačová et al., 2000; Li et al., 2009; Watkins et al., 2000). Figure 3.5 illustrates the
notion of scenario paths for decision stages. The uncertain parameters evolve as discrete time
stochastic processes with a finite probability space. The information can be structured as a
scenarios tree where the nodes m in stage j represent information available up to time at stage j.
The probability associated with the state m is pm. Sj denotes the set of nodes corresponding to
stage j. The path from root node (m = 0) to a node n is denoted by P(m). If n is a terminal node,
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then P(m) corresponds to a scenario path and represents a joint realization of the uncertain
parameters over all periods 1, …, T.
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Figure 3.5 Notation of a scenario tree
c. Identification of all potential portfolio components
A critical step in the problem formulation is to define decision variables, in this case, supply
augmentation options and demand management measures to be included in the optimal portfolio.
To start, water managers need to develop a list of candidate options. Chapter 2 has provided a
comprehensive review of various types of options that either increase supply availability or
conserve consumption. The feasibility of an option is case specific. Geology often determines
whether an option is physically feasible, while socio-economic factors heavily influence the
political and environmental feasibility of an option. In the traditional planning approach, many
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options are often pre-screened and rejected due to political or environmental concerns. This type
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New section
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of decision-making is neither comprehensive nor systematic, resulting in limited or biased
potential lists of choices. While recognizing the importance of political feasibility in the
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where 𝛽!"# is the discounted fixed investment cost components associated with option i, 𝛾!"# , and
𝛿!"# are the discounted variable cost components for options and penalty costs, respectively. By
including the penalty costs term in the objective function, this formulation allows minimization
of shortage vulnerability in monetary terms. A binary variable, 𝑦!"# is used to denote whether a
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supply augmentation or demand management measure has been chosen or not (i.e. 𝑦!"# = 1
implies the option is chosen to be part of the portfolio). Constraint 3.9 ensures that delivery of
water from supply source i is bounded by lower and upper limits, 𝐿!"#$ and 𝑈!"#$ . Constraints
3.10 and 3.11 integrate the frequency measures of water shortage risk in the planning framework.
By allowing a specified number of shortages, the alternative supply-balance constraint for each
time period includes the shortfall variable, 𝑔!" . When the available supply is sufficient to satisfy
demand at time period t, there is no water shortage, 𝑔!" = 0. A binary variable 𝐺!" is used to
count the number of water shortage occurrences (𝐺!" = 1 if 𝑔!" > 0 ). As shown in constraint
3.11, the frequency of water shortage risk over the entire planning period should be less than the
desired risk level 𝛼. At different risk levels, some components of the portfolio will be different.

The above scenario-based optimization approach should be distinguished from scenario analysis.
The scenario-based optimization approach explicitly weighs likelihoods associated with each
scenario path; scenario analysis finds optimal solutions for each individual scenario pathway,
which only represent different plausible futures without probabilities associated with their
occurrence. The scenario-based optimization approach yields one single solution while scenario
analysis yields a set of solutions, corresponding to the number of scenario paths evaluated.

For the solution algorithms, there are several options available, with their own advantages and
limitations. Linear programming (LP) is commonly used by water utilities and planning agencies
in the traditional planning approach to determine the size and the timing of supply capacity
expansion decisions (Loucks et al., 2005; Rosenberg & Lund, 2009). Stochastic programming
(SP) and stochastic dynamic programming (SDP) are common tools to model water resources
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systems and to optimize systems operation and allocation strategies (Bellman, 1957; Loucks et
al., 2005; Wurbs 1993;). A particular form of stochastic programming, known as stochasticchance-constrained model (Jenkins & Lund, 2000), can be a useful tool to solve the reliability
constraint. While these two optimization techniques are intuitively easy to formulate, the nonconvexity can cause computational difficulties, especially when there are many decision stages
and large numbers of decision variables. This so-called curse of dimensionality means that these
solution algorithms could become inefficient when the problem become complex.

Evolutionary methods such as genetic algorithms (GA) and evolutionary algorithms (EA), are
other types of optimization engines. Because EA is capable of handling complex systems and
their associated nonlinearities, it is gaining increasing popularity within the academic community
in recent years. GA has been applied to water supply systems to find optimum project sequences
and water prices (Change et al., 2009; Mortazavi-Naeini et al., 2012). Compared with the
traditional optimization approach (i.e. LP, SP, and SDP), evolutionary methods are capable of
optimizing multi-objective problems. Mortazavi et al. (2012) and Beh et al. (2014) used EA to
solve multi-objective scheduling capacity expansion problems. Although evolutionary methods
can optimize several objectives, only a small number of decisions can be modeled, often less
than 10. In addition, when there are too many objectives, comprehending the outcomes, or the
Pareto optimal trade-offs become intuitively difficult, preventing decision makers to arrive at
preferred solutions (Maier et al., 2014).

It should be noted that the choice of solution algorithms are case specific, depending on the
preference of water utilities, the scope of the problem, and the computational capacity. The
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formulation (Eq. 3.7 – 3.13) to derive the Pareto efficient portfolio frontier is applicable to these
different optimization techniques. In this thesis, we applied LP to solve the efficient portfolio
frontier for the case of Melbourne. Detailed discussion can be found in Chapter 4.

As part of the process to derive the Pareto efficient frontier, separate portfolios and subsequent
sequential plans are generated at different risk levels. The objective values, or the overall
expected costs, of each portfolio are calculated. Annual operation strategy for each optimal
portfolio is part of the outcome. It includes harvesting and allocation rules for existing supply
sources as well as contribution from proposed supply sources. The outcome of this step is a
Pareto frontier of optimal portfolios, which presents trade-offs between total expected costs of
water supply-demand plan and desired water shortage risks over the entre planning horizon.
3.2.2

Assessment of Performance of Efficient Portfolios and Sequential Plans

Even though the above steps defined optimal portfolios at each desired risk level, it is important
to put the optimality of the portfolios in context: the optimality is conditioned by the scenario
tree developed based on historical records. As elaborated in previous chapters, deep uncertainty
and the possibility of non-stationary hydrological cycles means that the optimal portfolio may
not be able to achieve the desired reliability level under unprecedented, low probability
conditions. Since these more extreme scenarios cannot be incorporated in the optimization
process, it is necessary to explore the performance of the theoretical optimal portfolio in
numerous scenarios.

Additionally, separate portfolios could contain some of the same options but are sequenced at
difference stages. Since decisions in relation to which options are actually implemented are only
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made for the current decision stage, this means that different portfolios with the same
composition at the current decision stage can have different solutions at subsequent decision
stages, and therefore represent different investment and implementation plans.

The performance of each portfolio is simulated over a broad range of uncertain conditions.
Similar to the scenarios used in the optimization process, the numerous conditions combine
uncertainties from both supply- and demand-side. Given probability distribution for each climate
random variables, future conditions can be drawn through Monte Carlo simulation. Various
methods exist to generate sequences of stream flow runoffs for the entire planning period
(Fiering & Bund, 1971; Loucks et al., 2005). Additional scenarios with deep uncertainty that are
derived from regional climate change studies need to be added to assess the performance of the
portfolio. A system dynamic model (Loucks et al., 2005), which includes implementation of the
proposed options and reflects operation of the system, is used to calculate total cost and supply
reliability for each generated condition.

The performance of each portfolio and associated sequential plan is assessed in terms of (i) the
implications on the ability to provide desired level of water supply services for many different
scenarios, and (ii) the potential implications on objective function values, as discussed below.

Robustness. This measures how sensitive the theoretical optimal portfolio is to future uncertain
conditions and the ability to perform satisfactorily over a broad range of future conditions,
particularly those that are extreme. In this framework, we use the robustness defined by
Hashimoto (1980), as follows:
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Robustness =

!!"
!

where 𝑅!" is the number of simulated scenarios in which the portfolio achieved the target
reliability level, and 𝑁 is the total number of uncertain scenarios. A desirable property of this
measure is that it considers each uncertain scenario as an independent plausible representation of
future conditions. This robustness measure can be compared with the desired reliability level
associated with the theoretical optimal portfolio. The closer the two terms, the more robust the
optimal portfolio under a wide range of uncertain conditions. Since reliability is calculated and
recorded for each simulation scenario, this simulation practice also provides insights for water
managers on the water shortage risks under extreme conditions.

Variation in objectives. In addition to the assessment of robustness of the portfolios, it is
important to consider the central tendency and spread of the objective function values. Using the
same uncertain scenarios, median and range of objective function values are calculated for each
theoretical optimal portfolio obtained from the Pareto frontier.
3.2.3

Selection of Investment and Implementation Strategy

Finally, water utilities and planning agencies need to select the most cost-effective investment
strategy for a preferred water shortage risk level. Outcomes of the above two steps provide
decision makers with trade-offs on the cost of supply-demand balance and the water shortage
risk the society is willing to tolerate. As Pareto (1896) explained, there is generally no single
optimal solution when dealing with multiple, competing objectives. Improvements in one
objective can only be achieved at the expense of at least one of the other objectives, requiring
additional preference information to enable one of these solutions to be selected. Hence,
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understanding the trade-off facilitates discussions in deciding what is the acceptable or desired
water shortage risk level for a particular city. In this way, the choice of acceptable level of water
shortage risk is systematically accessed rather than randomly assigned. This is a critical distinct
feature of the proposed framework, compared with other studies and traditional planning
philosophies.

Other objectives, such as energy use, green house gas emissions, social welfare, and political
feasibility are not quantified in the optimization and simulation model. These are important
factors that may affect whether an option that is part of an efficient portfolio will be
implemented. It is vital to realize that the purpose of water supply-demand planning is to provide
reliable water supply services at least cost. Therefore, the most important objectives, thus the
priorities of water utilities, are maintaining cost-effectiveness while controlling shortage risk.
Quantifying other objectives and incorporating them into the above optimization process can
exclude certain effective options. This may result in unnecessary costs escalation and reliability
reduction. Therefore, important factors should be evaluated after obtaining the Pareto frontier,
for the portfolio at the chosen desired risk level.

It is critical to highlight that the purpose of the proposed approach is not to suggest a single best
solution, but to provide the best possible information of solutions that are based on an analytical
and systematic evaluation process.
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Chapter 4 Case Study: Melbourne, Australia

The purpose of this case study is to demonstrate the application of the proposed risk-based
portfolio approach to a specific case of urban water supply-demand planning facing large
uncertainty. The case study is based on the supply systems and demand conditions in Melbourne,
Australia.

Experiencing an unprecedented 12-year drought, Melbourne has already faced the type of water
security challenges that other cities, like Los Angeles and São Palo, are currently facing. During
the Millennium Drought, which lasted from 1997 to 2009, the state government of Victoria
invested heavily in water supply augmentation in response to the looming concern of running out
of water. The Millennium Drought, severe water restrictions, and investments in supply
augmentations exposed weaknesses in traditional water supply planning and investment
decision-making. The Australian National Water Commission expressed key areas of concern on
urban water supply, one of which was the inability to deal adequately with climate variability
and uncertainty (NWC, 2007).

In addition to criticism from federal government agencies, the community expressed anger and
frustration because of a perceived unpreparedness by water utilities and the Government (ABC
news, 2015; Arup, 2011). The capacity expansion projects required irreversible large upfront
costs, of which taxpayers would be responsible for a substantial amount: household water bills
increased by an average of 22% following the crisis-time decisions (Wells, 2013). The
investments became subjects of public protests, heated debate and media commentary in the
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following years. Besides the observed direct costs, hidden economic and social costs of water
restrictions were examined for the first time. Porter et al. (2014) estimated the large cost of such
restrictions to consumers and communities to be AUS$190 million, mainly from the lost value of
consumption and from installation of household rainwater tanks. Reflecting from the poor
performance during the Millennium Drought and the growing critics, water professionals and
academic communities in the water resources management field started to explore alternative
planning methods and investment decision-support tools. Although investment decisions have
been implemented in major cities in Australia during the Drought, there are many lessons to be
learned from the Melbourne case, particularly for cities that currently experiencing similar water
security challenges.

4.1

Background

Melbourne: the real story
Melbourne is the capital city of the state of Victoria, Australia with a population of 4.25 million
in 2014. It is located on the southeastern corner of mainland Australia, at the head of Port Philip
Bay. Melbourne has a reputation for its changeable weather, often experiencing large variation in
precipitation from year to year, ranging from the highest annual rainfall of 1002.8 mm to the
lowest of 374.6 mm over the year of 1910 to 2014 (BoM, 2015). The uneven precipitation
resulted in large variability of stream runoffs that are captured and stored by reservoirs. In
general, not all the rainfalls over the catchment areas end up as inflows into dams because of
evapotransporation and retention of water in soil. This rainfall-streamflow relationship can be
particularly problematic in cities like Melbourne that are located in arid and semi-arid regions.
Streamflows are subject to more variation than precipitation. This means that when there is
limited rainfall, the reduction in runoffs is often even greater. As Figure 4.1 shows, the
102

percentage reduction in inflows in southern Australia has been much larger than the percentage
reduction in rainfall, especially since the 1980s (CSIRO, 2007).

Figure 4.1 Variation of rainfall and streamflow in southern Australia. The two lines show
percentage change from long-term average over 1940 to 2007 (CSIRO, 2007). There has been
less rainfall since 1980, and the more than 50% reduction in streamflow has been much larger
than in rainfall. This implies that even a mildly drier climate could pose significant risks to
surface water availability.
Prior to the Millennium drought, the Melbourne water supply system consisted of ten reservoirs
(Figure 4.2). Six of them (Thomson, Upper Yarra, Tarago, Maroondah, O’Shannassy and Yan
Yean) collect 80% of the system’s drinking water from forested and rain-fed catchments, while
the remaining four reservoirs (Cardinia, Silvan, Sugarloaf, and Greenvale) store and transfer
water to the treatment plants for subsequent distribution to consumers. In total, these ten
reservoirs have a combined capacity of 1,812,175 GL (Melbourne Water, 2015). The Melbourne
water supply system is managed by Melbourne Water, a government owned statutory authority.
In addition, it is also in charge of long-term planning and development. Three water retailers,
Yarra Valley Water, South East Water, and City West Water, purchase bulk water from
Melbourne Water and distribute water to end consumers.

103

During the Millennium Drought, water demand was tightly controlled by various policies,
regulations, and measures. Severe water restrictions10 (Stage 3 and 4) were enforced, limiting
much outdoor use, which was 20% of total household consumption during the dry season.
Average per capita water consumption was reduced from 247 Liters per day in 2001 to 149
Liters per day in 2010 (Melbourne Water, 2015). Other types of demand management measures
complemented long-term conservation of water consumption. Various conservation rebate
programs promote households and businesses to install and to use water-efficient devices;
permanent water saving rules were enforced in 2011 to reduce long-term demand in much of
outdoor, urban irrigation and cleaning use (WSAA, 2013).

During the same time, storage in the reservoirs dropped by almost 50% from 2005 to 2006. Stage
3 water restrictions, the most severe, were in place. Yet Melbourne was facing potentially
catastrophic consequences of running out of water. In response, the state government of Victoria
proposed and invested in a water plan, Our Water Our Future, in 2007. The plan included
investment in four major supply augmentations. In sum, the total capital investments amounted
to AUD$4.8 billion (in 2007 value). With construction taking place since 2007, the drought
ended in the second half of 2011. Abundant rainfall followed the Millennium Drought and
started to fill the empty reservoirs, putting the new water supply augmentations on hold.
Although these new structures were not used, the financing of these structure still required
Melbourne households to start to pay for the capital expenditures already accrued. The surge in

10

There are 4 levels of water restrictions, ranging from mild to severe, on outdoor water use, in the state of Victoria.
Water restrictions are managed by Victoria’s urban water corporations and are applied uniformly across Victoria
based on the Uniform Drought Water Restriction Guidelines. The restrictions do not apply to the use of recycled,
rain or grey water.
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household water bills and the unfortunate timing of the rainfall made these supply augmentation
investments a political issue.

Figure 4.2 The city of Melbourne’s current water supply network (Melbourne Water)

As described in above, the Melbourne system is highly complex, which means that replicating
the system requires extensive resources. For this reason, this case study has simplified the
Melbourne existing supply system in such a manner that it is realistic enough to capture the
complexities and key interactions among existing supply structures. For this reason, the study
builds a realistic yet hypothetical case. Hence, it is inappropriate to compare the numerical
results of this case study with the real decisions that had been made in the past. It is necessary
to emphasize that the objective of the case study is not to evaluate past decisions. Rather, the
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goal is to apply the proposed approach to a complex and realistic enough case to illustrate its
utility, particularly for applications and adoptions for other cities that are facing similar
challenges. To this end, attempting to replicate the real Melbourne supply system that adds more
complexity and captures more detailed nuances does not add additional value to reveal insights
on the utility of the proposed approach.
Melbourne: the case study
For the purpose of this thesis, we simplified the Melbourne reservoir system to contain only four
major reservoirs in this case study. Figure 4.3 shows a schematic representation of the simplified
Melbourne reservoir system. In consultation with water experts in Melbourne, it has been
determined that the simplified system is complex enough that it captures key operational
constraints and reflects major harvesting strategies.

Runoﬀ from
Thomson River
Basin catchment

Inﬂow from Yarra River
Inﬂow from
Maroondah and
Graceburn
catchments

Inﬂow from
Coranderrk
Creek

Transfer from Thomson
to Upper Yarra
Transfer from
Upper Yarra
to
O’Shannassy

Upper Yarra
IrrigaGon
demand

O’Shannassy
Maroondah
Environmental
ﬂow
Urban
demand

Urban
demand

Thomson

Urban
demand

Hydropower
demand
Environmental
ﬂow

Urban
demand

Figure 4.3 Schematic representation of the simplified existing Melbourne reservoir system for
the case study
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4.2

Problem Formulation for the case study

Following the proposed approach (Figure 3.4 in Chapter 3), there are two major components: (1)
an optimization model that yields Pareto efficient portfolios; and (2) simulation that assesses
performance of the selected Pareto efficient portfolios.
4.2.1

Identification of Pareto efficient frontier of portfolios

1. Formulation of optimization problem
i. Define the scope and select the objective
The objective of the Melbourne case study is to minimize life-cycle investment costs of
supply augmentations and water demand management measures, while achieving a target
reliability level and minimizing severity of water shortages if they occur. The mathematical
formulation of the objective function is expressed as the following:
Min. Total cost = Fixed Cost + Variable Cost + Penalty Cost
!

!

Fixed Cost =
!

Variable Cost =

𝑃!
!!!

!

𝛽!"# 𝑦!"#
!!!

!

𝑃!
!!!

𝛾!"# 𝑥!"# 𝑦!"#
!!! !∈! !!!
!

Penalty Cost =

!

𝑃!
!!!

𝛿!" 𝑔!"
!!!

Where
𝑃! is the probability of hydrological sequence scenario r
𝛽!"# is the discounted fixed investment cost in scenario r
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𝛾!"# is the discounted variable per unit cost in scenario r time t
𝛿!" is the discounted penalty cost per unit in scenario r time t
𝑥!"# is the amount of water supplied by source i in scenario r
𝑦!"# is a binary variable, denoting whether a supply augmentation or demand
management is chosen to be included in the portfolio; 𝑦!"# ∈ (0,1)
𝑔!" is the amount of shortage if it occurs in scenario r time t

The fixed cost and variable cost are direct investments by water utilities and governments.
Capital costs are converted to annualized equivalent amount based on the useful physical life.
The penalty cost is a proxy to measure water shortage intensity. By incorporating the penalty
cost in the objective function, the model seeks to minimize the amount of shortage or
vulnerability aspect of water shortage risk. An discount rate of 5% was used in the case study.
The choice of interest rate is consistent with the policy guidelines on infrastructure investment
planning (State of Victoria, 2014).

The penalty cost was derived from an estimate of willingness to pay by inhabitants of the state of
Victoria to avoid the imposition of water restrictions. Multiplying the individual willingness to
pay of $56.13 (Cooper & Crase, 2009) by the 4.1 million people living in Melbourne provides a
societal willingness to pay to avoid water rationing of approximately $230 million. Converting
this to a per unit penalty utilizing the fact that water rationing efforts saved 8 billion liters of
water in 2009 (Wallis et al., 2009), produces a penalty cost of $0.03/liter of shortfall.
ii. Determine planning horizon with decision stage interval
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A planning horizon of 20 years (from 2015 to 2035) is used for the case study. A decision stage
interval of 10 years is adopted, as 10-year is a practical period of review for major supply
augmentation investments from a planning perspective. Therefore, the case study includes two
decision stages over the 20-year planning horizon. Towards the end of the first decision stage (at
the end of 2024), observations of exogenous variables, such as rainfall, streamflow, price of
water allocations, and demand are included in the updated historical record.
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New
section

2
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Two sets of constraints are included in the model: target reliability level and water systems

For reservoir operations, equation 4.1 expresses a general mass balance equations for all 4
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P rice = 555.213 + 1.947 ⇥ rainf all
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𝑑!" is the demand in scenario r time t

P rice = 2241.82 + 1.37 ⇥ rainf all

676.82 ⇥ seasonal

allocaiton
allocaiton

(R2 = 0.66, p
(4.7)

(R2 = 0.62, p
(4.8)

value < 0.

value < 0.00

According to the Melbourne reservoir operation and harvesting rules, the function of Maroondah
reservoir and O’Shannassy reservoir are primarily distributing water for urban use. Upper Yarra
reservoir and Thomson reservoir have much larger storage capacity; thus they are primarily used
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to harvest runoff from the catchments and store water to be used in dry seasons. Therefore, the
order of distributing water to satisfy urban demand follows this priority sequence: Maroondah >
O’Shannassy > Upper Yarra > Thomson. Both Upper Yarra reservoir and Thomson reservoir
need to release minimum environmental flows at designated gauges to comply with the
Environmental Bulk Entitlement11. Besides supplying water for urban use, Thomson reservoir
serves other purposes, including to provide irrigation water supply for the utility Southern Rural
Water (in compliance with the Southern Rural Water Bulk Water Entitlement) and a reserved
amount for hydropower generation. For the Thomson reservoir mass balance equation, all the
releases and allocations that are not available for urban use are subtracted as part of outflow. The
Thomson outflow has a lower bound to meet the minimum release requirement for other
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New section

purposes. For the purpose of this case study, it is assumed that allocation for urban use has

2

New section

3
1

New
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section

priority when there is not enough storage in Thomson reservoir.
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supplysection
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Equation 4.3 calculates the balance between
supply
T
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Bulk (water) entitlements are environment
Minister for Water
xart entitlements
0, grt are 0legal rights to water granted by the(4.6)
under the Water Act 1989. They provided the right to take or store a volume of water subject to a range of
conditions. Bulk entitlements are held by specified authorities, in this case, Melbourne Water. Environmental
entitlements are held by the Victorian Environmental Water Holder, which is an independent statutory body
responsible for making decisions on the use of Victoria’s environmental water entitlements.
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Note that the sum of supply is the total amount of water available from all sources. If there are
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This completes formulation of the problem for the optimization model.
4.2.2

Characterize uncertainties

After formulating the problem, this step quantifies uncertainties on both supply- and demandside. Two variables, precipitation and runoff to reservoirs, are the most relevant uncertainty
factors that influence the amount of water supply availability. Using historical records, statistical
analyses were performed to derive probability distributions of annual precipitations and runoffs
at the four reservoir sites. On the demand-side, population growth rate and per capita water usage
are the main drivers of uncertainty. However,
i.

Define supply-side and demand-side uncertain variables

On the supply-side, rainfall and streamflows for the 4 reservoirs are random variables. Historical
records of 98 years (from 1913 to 2010) are available and are used to develop statistical
characteristics. The raw inflow data exhibit significant autocorrelation and cross correlation.
Like most hydrological variables, the raw inflow data from the four reservoirs does not follow a
normal distribution. After transformation to logarithmic series, the data passes normality test
(Kolmogorov-Smimov test).
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To quantify demand as an uncertainty variable, demand is defined as a function of population
size and per capita demand. The population for Melbourne was estimated to be 4.5 million in
2014 (ABS, 2015). Based on this definition of demand, uncertainty comes from either population
growth rate or per capita water consumption. Based on Melbourne Water’s projection,
population growth is expected to range from 3% to 6% per annum by 2050. The average daily
water consumption varied dramatically in the past several decades. In 1990s, the average daily
total water consumption was approximately 350 liters (L) per person. In the past decade, the
Millennium drought and strict water restrictions had significantly reduced per capita water use to
169 L per day in 2014. This includes water use for residential and industrial purposes as well as
leakage along pipelines. Although the Millennium drought has effectively suppressed water
demand, it is unclear whether the low per capita water consumption will remain. For this case
study, three demand scenarios are generated, based on a combination of population growth rate
and per capita water usage (Table 4.1). Figure 4.4 shows a visual representation of the three
demand scenarios.
Table 4.1 Parameters used for demand scenarios
Demand
scenario
Population growth rate Per capita daily usage (L)
Low
3%
180
Medium
3%
240
High
6%
350
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Figure 4.4 Three demand scenarios over the planning horizon of 2015 to 2035. The solid red line
shows historical demand from 2000 to 2014. The dashed lines present demand forecasts.
ii.

Derive a scenario tree

For hydrological uncertainties, a scenario tree for rainfall and inflows needs to be developed for
the two-stage decision problem. Since there is no scientific consensus on the short-term climate
projections for Melbourne, developing climate change scenarios with assigned probabilities is
infeasible. Historical records were used as basis to derive the scenario tree. Based on the
statistical characteristics of the inflows to the 4 reservoirs, the Matalas AR(1) model is used to
generate 10,000 synthetic inflow scenarios. Because of the strong cross-correlation among the 4
reservoirs, a multi-site model is used. Each scenario contains 4 inflow time series. For each
decision stage, stream-flow sequences (10 consecutive year of streamflow time series) were
separated in three categories–dry, average, and wet, in accordance with the 5th, 50th, and 95th
percentile of the synthetic series distribution. For each hydrological possibility in the first
decision stage, there are three possibilities (i.e. dry, average, and dry) in the second decision
stage; thus, a total of 9 scenario paths were established for the model. Applying the Extended
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Pearson-Tukey Method, probabilities associated with the first-stage three scenarios were 0.185,
0.63, and 0.185 respectively.

Figure 4.5 Supply-side uncertainty scenario tree with probability path.

Some may argue that with climate change, using historical records to derive a hydrological
scenario tree may not sufficiently capture the changing variation of the inflows. As discussed in
previous chapters, due to its deeply uncertain nature, there is little confidence in assigning
probabilities to any short-term climate predictions. In this particular case, since Melbourne has
already experienced extended period of low rainfall and inflows since 1997, by including
historical records of these recent years in the statistical analysis, the dry scenario developed in
this step would have captured some of the changing variation. Instead of including climate
change scenarios in the optimization process, they are generated and used in a simulation to
evaluate performance of selected portfolios.
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4.2.3

Identification of all potential portfolio components

For the case study, the existing water supply options (Maroondah reservoir, O’Shannassy
reservoir, Upper Yarra reservoir, and Thomson reservoir) are included in the portfolio of current
supply options in existence at the beginning of the planning horizon. Three supply augmentations
and two demand management measures are considered as candidate decisions at each decision
stage during the planning horizon.
Supply augmentations
Desalination plant. A reverse osmosis (RO) desalination plant with an annual supply capacity of
150 GL is considered as a potential water supply option, with an option to expand to 300 GL
annual capacity if necessary. For this case, as part of the system, desalinated water is pumped
through a pipeline and a pumping station to Thomson reservoir, where it is stored for later
distribution. The capital cost for a 150 GL desalination plant is AUS$3.5 billion. This cost
includes engineering and construction, materials, labors, and any administrative cost associated
with obtaining various permits from governments. It should be noted that if an decision of
expanding the desalination plant capacity in the second stage is allowed, the first stage capital
cost included costs that would cover part of capacity expansion expenditure, such as
environmental licensing fees, land acquisitions, and any other necessary cost that would make
rapid expansion of RO modules feasible. The capital cost of expansion for another 150 GL was
assumed to be one-third of the first-time expenditure.

Transfer scheme. A 70 kilometer pipe with an annual capacity of 75 GL is considered to
transport water from the Goulburn River to Melbourne’s storages at Thomson reservoir, in this
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case study. If necessary, the pipeline has an option to expand capacity to 125 GL. Modeled after
the Melbourne’s North-South pipeline project, the maximum amount of water that is available
for transfer is 75 GL per year. However, this water is subject to seasonal allocation in the
Goulburn irrigation district. Depending on the climate condition and the total water availability
in the Goulburn River system, Melbourne may not get all the 75 GL of water during droughts.
The capital cost of this option, AUS$692 million, includes pipeline, a pumping station, and a
small water treatment plant. In addition, Melbourne pays a one-time cost of AUS$300 million to
obtain the permanent water rights of the 75 GL from the Goulburn irrigation community.

Trading seasonal water allocations. For this case study, Melbourne water is allowed to
purchase high-security water allocations for up to 50 GL on an annual basis from the GoulburnMurray water market. An analogy of water allocation is leasing a property. These allocations can
be re-distributed from the seller to the buyer for an agreed period of time, in this case, a year.
The water is stored in Lake Eildon in the Goulburn system, and Melbourne Water will pay the
operator, Goulburn-Murray Water, to transport these allocations to a Melbourne storage
reservoirs. The trading scheme will share the same pipeline as the transfer option. In such case,
the total amount of water from Goulburn to Melbourne cannot exceed the capacity of the pipe,
whether the water is from trading or transfer. It should be noted that the capital cost of AUS$692
million of pipelines, pumping station, and water treatment plants will only be accounted for
once, if both the trading and the transfer options are selected. The variable cost for the trading
option has two parts: per unit transport cost and costs of purchasing the allocations. The price of
water allocation varies, and it is a function of seasonal allocation and climate conditions. A
regression analysis is performed to obtain a function that derives water allocation price. It is
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Demand management measures
Programs that involve replacement of water use appliances. These conservation programs
can be rebate programs that incentivize households to replace outdated appliances with water
efficient ones. Household appliances that consume a large amount of water include washers,
driers, toilets, and shower heads. Besides rebate programs, government develops Water
Efficiency Labeling and Standards, which require all new developments to install water efficient
appliances only. These rebate programs have a short life time. They normally do not last for
more than 5 years, and the cumulative effect of the water savings often take 1 to 2 years to be
fully realized. Therefore, once utilities and government implement these types of conservation
programs, the case study models an increase in water savings for up to 5 years, and keeps per
capita water saving constant after the sixth consecutive year. Costs of these rebate programs are
derived based on the financial disclosures of the three Melbourne local water utilities (State of
Victoria, 2015; WSAA, 2013).

Programs that encourage voluntary behavior changes. Another type of conservation
programs involves long-term continuous education and conservation campaigns that aim at
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voluntary water conservation and change of behaviors. These campaigns are less costly and have
shown effectiveness during the Millennium drought (State of Victoria, 2015).
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Table 4.2 Summarizes all decision variables and their associated parameters to be considered in the optimization process

Decision variable
res_Maroondah
res_Oshannassy
res_UpperYarra
res_Thomson
desal_1
desal_2
trading
transfer
pipe_1
pipe_2
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DM_1
DM_2
1
2
3
4
5

Description
Amount allocated to urban use from Marrondah reservoir
Amount allocated to urban use from O'Shannassy reservoir
Amount allocated to urban use from Upper Yarra reservoir
Amount allocated to urban use from Thomson reservoir
150 GL desalination plant3
Additional 150 GL desalination plant, module only4
Purchase of high security water allocations from Goulburn
District, 50 GL max. available amount 5
75GL of water entitlements from Goulburn district
75 GL of pipe capacity to transfer water from Goulburn
district, including trading and transfer amount
125 GL of pipe capacity to transfer water from Goulburn
district, including trading and transfer amount
Demand management programs that involve mandatory or
voluntary adoption of efficient technologies
Water conservation initiatives that incentivize voluntary and
continuous water conservation

Annualized
Equivalent
capital cost Unit O&M
Lower limit Upper limit Capital Cost
(AUS$
cost
(ML)
(ML)
(AUS$ Million)
Million)
(AUS$/KL)
$0.10
80300 1
$0.10
85775 1
90340
$0.10
204985 2
158870
$0.10
1068000 2
0
150000
$3,500
$136.03
$1.20
0
150000
$1,000
$38.87
$1.20
0

50000

-

-

$0.10

0

75000

$300

$11.66

$0.10

0

75000

$692

$26.89

-

0

125000

$842

$32.72

-

$128.6

$5

-

Upper limit refers to maximum conduit capacity: 220ML/day for Maroondah, 235ML/day for O'Shannassy
Upper limit refers to maximum reservoir capacity
Capital costs include land acquisition, engineering and construction cost, devices, membranes, and administrative cost
Capital costs include only engineering and construction, devices, and membranes.
No capital costs once the pipe is build. Allocation price varies annually based on market rates.

-

-

4.2.4

Determination of efficient portfolio frontier

By using Mixed Integer Programming (MIP) as a solution algorithm, optimal portfolios can be
obtained at each target reliability level. It should be noted that not all reliability levels are
feasible to have a optimal integer solution.
4.2.5

Assessment of performance of efficient portfolios and sequential plans

To evaluate the performance of efficient portfolios, particularly when confronting climate change
conditions, 1,000 hydrological scenarios of 20-year time series are generated. One way to
generate climate change scenarios is to either use a Regional Climate Model (RCM) or to
downscale a Global Climate Model. In this case, there is no RCM readily available to generate
climate change induced hydrological time series. While different GCMs tend to agree on the
long-term (50-100 years from now) temperature and rainfall trends, there is a mismatch between
the spatial and the time scale. For decision makers who need to make investment decisions at
present, it is the short-term predictions that are relevant for taking actions. However GCMs are
not able to provide these types of short-term predictions with high confidence. To generate
climate change scenarios, we apply percent change factors to key parameters on the mean and
variance of rainfall and streamflow. By adjusting statistical parameters of the Matalas AR(1)
model with the new hydrological variables, we can generate climate change hydrological time
series for the simulation.

4.3

Optimization results

In this section, the results for steps 1a to 1c are presented. The optimization model produces
results that can be broken down into four levels, with increasing level of details for each selected
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portfolio. Figure 4.6 shows a schematic of the four-level results. The subsequent sections
describes each level of results in detail.

1. Op.mal por5olios
at reliability level α

For each demand scenario, the op2miza2on model yields
one op2mal por6olio for each targeted reliability level.

2. Pareto eﬃcient fron.ers
for each demand
scenario
3. Pareto eﬃcient
por5olios

A=er elimina2ng por6olios that are not Pareto eﬃcient, there
is an eﬃcient fron2er consists of Pareto eﬃcient por6olios for
each demand scenario, presen2ng trade-oﬀs between costs
and shortage risks.

Each Pareto eﬃcient por6olio is composed of an op2mal
combina2on of supply op2ons and conserva2on measures. In
addi2on, there is an op2mal sequen2al implementa2on plan for
such unique combina2on.

4. System
opera.ons for
Pareto eﬃcient For each Pareto eﬃcient por6olio, the op2miza2on model generates
the most cost-eﬀec2ve annual system opera2on plans.
por5olio
Figure 4.6 Summary of optimization results in four levels

The first level of results are direct optimization solutions. The second level of results eliminates
non-Pareto-efficient portfolios. The third level of results details portfolios’ composition and
sequential implementation plan. The fourth level of results showcases annual system operation
plans for each portfolio conditioned on various hydrological time sequences.
4.3.1

Optimal portfolios at reliability level α

For each demand scenario, the optimization process is repeated at different reliability levels to
obtain a unique portfolio such that the total cost is minimized and it achieves at least the
reliability level α for all hydrological sequences at all time. Figure 4.7a summarizes optimal
portfolios for each of the demand scenarios over the planning period between 2015 and 2035.
The total cost is the sum of direct investments (i.e. fixed capital cost and annual O&M cost) and
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vulnerability cost. The direct investments are out-of-pocket expenses by the government and
water utilities. The vulnerability cost is a proxy for the vulnerability aspect of water shortage
risk. Assuming a linear relationship between the amount of shortage and the vulnerability cost,
the amount of shortage can be calculated by dividing vulnerability cost by per unit penalty cost.
Vulnerability cost indicates the size of the total supply-demand shortage over the entire planning
period. Depending on the hydrological sequence and the probability it occurs, the amount of
water shortage for each hydrological sequence varies. The overall amount is a weighted average
across all possible hydrological sequences.

Low
Por=olios
LowDemand
DemandScenario
ScenarioOp;mal
Cst- oTradeoﬀ
$10,000

$10,000
Vulnerability Cost
Direct Cost

Cost A$ Million

$8,000

$6,000

$8,000

$6,000
$7,757.93

$4,000

$3,582.79
$2,653.45

$2,000

$4,000

$1,881.14
$628.53

$0
80%

$896.43

$929.34

$1,252.61

85%
85%

90%
90%

95%
95%

Cost A$ Million

$8,654.36

$2,000

$0

100%

Reliability
Reliability

Figure 4.7a Optimal portfolios for the low demand scenario (2015-2035)

Direct investments (dark green) increases as target reliability levels go up. Vulnerability cost
(light green), representing the size of supply-demand gap decreases as target reliability levels go
up. The relationship between the size of shortage gap and the reliability level is not linear.

122

$36,000

$34,000
$30,612.92
$32,000
$30,000
$28,000
$26,000
$24,000
$22,000
$20,000
$18,000
$16,000
$28,657.02
$14,000
$12,000
$10,000
$8,000
$6,000
$4,000
$2,000
$0
$1,955.90
60%
65%
60%
65%

Vulnerability Cost

$32,000

Direct Cost
$28,000
$24,000
$20,000
$16,000

$11,483.32
$11,246.09

70%
70%

$10,760.51 $10,120.81

$12,000

$5,487.44

$5,384.51

$4,405.03

$4,306.72

$5,995.88

$5,861.58

$6,355.48

$5,814.09

75%
75%

80%
80%

90%
90%

95%
95%

Reliability
Reliability

85%
85%

Cost A$ Million

Cost A$ Million

LowScenario
Demand Op:mal
Scenarit-Risk
Tradeoﬀ
Medium Demand
Por<olios

$8,000
$4,000
$0
100%

Figure 4.7b Optimal portfolios for the medium demand scenario (2015-2035)

Direct investments increases significantly from reliability of 60% to 75% and above. The 60%
reliability portfolio does not include the desalination plant, while portfolios that achieve 75%
reliability and above contain a 150 GL desalination plant.

Vulnerability Cost
Direct Cost

$48,000
$44,000
$40,000
$36,000
$32,000
$28,000
$24,000

$18,124.79

$20,000

$13,576.45$13,331.97
$11,103.20
$6,561.85

$12,000
$8,496.22
$6,561.85
$1,045.41 $8,000
$6,770.12 $7,450.82

$7,021.59 $7,014.60

60%

65%

70%

75%

80%

85%

90%

95%

Reliability
Reliability

Figure 4.7c Optimal portfolios for the high demand scenario (2015-2035)
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$16,000

$4,000
$0
100%

Cost A$ Million

Cost A$ Million

High
Demand
Scenario
Low
Demand
Scenario
Cost- Op<mal Por>olios
$48,000
$43,965.89
$46,000
$44,000
$42,000
$40,000
$38,000
$36,000
$34,000
$32,000
$30,000
$28,000
$26,000
$24,000
$41,860.29
$22,000
$20,000
$18,000
$16,000
$14,000
$12,000
$10,000
$8,000
$6,000
$4,000
$2,000
$2,675.22
$0
50%
55%
50%
55%

Direct investments increase significantly from reliability of 50% to 75% and above. The 50%
reliability portfolio includes one 150 GL desalination plant, while portfolios that achieve 75%
reliability and above contains a second desalination plant of capacity of 150 GL.
4.3.2

Pareto efficient frontiers: derivation from the optimal portfolios

At this step, we derive the Pareto efficient frontier by evaluating all optimal portfolios across all
feasible reliability levels, for each demand scenario. Since vulnerability cost is an opportunity
cost, which means utilities and the government do not pay this cost directly, the cost considered
in the trade-off analysis are the costs associated with direct investment in supply augmentations
and conservation measures. Hence, the Pareto efficient frontier shows trade-offs between direct
investments of the portfolios and shortage risks. There are two-dimensions to the shortage risk;
reliability (x-axis) and the amount of shortage (y-axis). The following section presents Pareto
efficient frontiers for each demand scenario.

It is important to note that not all optimal portfolios, chosen by the optimization model at a target
reliability level are Pareto efficient. While the optimization model guarantees optimality of the
selected portfolio at a chosen reliability level, it is possible that there exists another portfolio
with lower direct investment yet delivering higher reliability and less vulnerability when looking
across all the reliability levels. In this case, after evaluating all optimal portfolio for the chosen
demand scenario across all feasible reliability levels, we eliminated portfolios that are non-Pareto
efficient to derive the efficient frontier. The medium and high demand scenarios both fit this
case.

124

Low demand scenario Pareto efficient portfolios
The three optimal portfolios at 80%, 90% and 95% reliability levels are Pareto efficient. Figure
4.8a illustrated that all optimal portfolios are Pareto efficient for the low demand scenario.

Pareto Eﬃcient Por+olios

Op#mal Por+olios

Figure 4.8a Pareto efficient portfolios for the low demand scenario

X-and Y-axis shows water shortage risk in reliability and vulnerability (i.e. the amount of
shortage). Bars that are located at the upper right corner indicate low water shortage risks with
high reliability and low vulnerability. The height of each bar reflects direct investment of the
optimal portfolio.
Table 4.3 Summary measures of Pareto efficient portfolios for low demand scenario
Low Demand Scenario
Direct investment cost
Shortage
Reliability
(AUS$ million)
(ML)
$1252.61
95%
20,951
90%
$929.34
88,448
85%
$896.43
258,598
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To evaluate the trade-offs between direct investments and shortage risk, we start at the Pareto
efficient portfolio at 80%. An increase of 4% in direct investment cost will reduce the shortage
risk significantly. In particular, the least reliability level will improve from 80% to 90% and the
vulnerability improves by 192%. In other words, in a 20-year period, for 4% additional direct
investment, rather than expecting at most 4 shortages, there will only be at most 2 shortages, and
the amount of shortage will be reduced almost two fold. However, to reduce the shortage risk
even further will require a larger investment. To boost the reliability from 90% to 95% and to
further reduce the shortage amounts, water utilities and the government need to increase further
investments by 35%. Although the reliability level only improves by 5%, the shortage amounts
is reduced dramatically by 322%. Therefore, the question facing decision makers is whether the
reduction in shortage amount is worth the further investment for this demand scenario. In other
words, which risk level, considering both reliability and vulnerability, is an acceptable level of
risk, and what is the society’s WTP to avoid such risk.
Medium demand scenario Pareto efficient portfolios
As shown on Figure 4.8b, there are 5 optimal portfolios at reliability levels of 60%, 75%, 80%,
90%, and 95%, respectively. Only the portfolios at 60% and 95% reliability level are Pareto
efficient. Figure 4.8 supports determination of the Pareto portfolios.
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Op2mal Por-olios

Pareto Eﬃcient Por-olios

Figure 4.8b Comparison of optimal portfolios and Pareto efficient portfolios for the medium
demand scenario
By definition of Pareto efficiency, portfolios at reliability level of 75%, 80%, and 90% (red bars)
are not Pareto efficient because there exists another portfolio that requires less direct investment
yet bears a lower risk (i.e. the height of all three red bars are higher than the height of the 95%
orange bar). In other words, improvements of reducing water shortage risk can be made at either
one of portfolios at 75%, 80%, and 90% reliability levels without increasing the direct
investment cost. Hence, a rational decision maker will not choose a portfolio at any of the
reliability levels of 75%, 80%, or 90%. The decision maker is better off to invest in the 95%
reliability portfolio.
Table 4.4 Summary measures of optimal and Pareto portfolios for medium demand scenario
Medium Demand Scenario
Direct investment cost
Shortage
Reliability
(AUS$ million)
(ML)
95%
$5,814.09
1,435,572
90%
$6,355.48
1,468,343
80%
$5,861.58
1,794,837
75%
$5,995.88
1,829,146
60%
$1,955.90
9,552,340
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From the tabulated results, it shows that portfolios at 75%, 80%, and 90% reliability levels have
higher direct investment costs than the portfolio at 95% reliability level. In addition, the amounts
of shortage of these three portfolios are larger than the one at 95% reliability level. Thus, the
optimal portfolios at 75%, 80%, and 90% should be eliminated from the trade-off analysis.

The trade-off for the medium demand scenario for decision makers is that a 66% increase in
direct investment in the portfolio can boost the reliability level by 35%, while the vulnerability of
the system is improved by 565%.
High demand scenario Pareto efficient portfolios
There are 5 optimal portfolios at reliability levels of 50%, 75%, 80%, 90%, and 95%,
respectively. Only three portfolios at the reliability levels of 50%, 90%, and 95% are Pareto
efficient. Figure 4.8c supports determination of the Pareto portfolios.

Op#mal Por+olios

Pareto Eﬃcient Por+olios

Figure 4.8c Comparison of optimal portfolios and Pareto efficient portfolios for the high demand
scenario
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Similar to the analysis of the medium demand scenario, portfolios at reliability level of 75% and
80% (red bars) are not Pareto efficient.
Table 4.5 Summary measures of optimal and Pareto portfolios for high demand scenario
High Demand Scenario
Direct investment cost
(AUS$ million)

Reliability

Shortage
(ML)

$7,450.82

95%

348,469

$6,770.12

90%

2,187,283

$7,014.60

80%

3,701,067

$7,021.59

75%

3,701,067

$2,105.60

50%

13,953,430

From the tabulated results, it shows that portfolios at 75% and 80 reliability levels have higher
direct investment costs than the portfolio at the next reliability level of 90%. In addition, the
amounts of shortage of these three portfolios are larger than the one at 90% reliability level.
Thus, the optimal portfolios at 75% and 80% are not Pareto efficient and should be eliminated
from the trade-off analysis.

There is a 22% of increase of direct investments from the portfolio at 50% reliability level to the
Pareto portfolio at 90% reliability level. This is due to the inclusion of a second desalination
plant of 150 GL to be constructed at the second stage. The significant increase in direct
investment can reduce the shortage intensity by 638%.

The trade-off between the Pareto

portfolios at 90% and 95% is that a 10% increase in direct investment boost the reliability level
by 5% and reduce sthe shortage amount by 528%. This trade-off presents an ideal situation for
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decision makers, where a slight increase of investment can dramatically reduce water shortage
risk.
4.3.3

Efficient portfolios and sequential implementation plans for each demand scenario

After Pareto efficient frontiers for each demand scenario are derived, the next level of results
include portfolio compositions as well as sequential implementation plans. Accounting for
hydrological variability and uncertainties, the first stage decisions will be implemented at the
beginning of the planning horizon, in this case, the beginning of 2015. After the decisions are
made, the supply system will operate according to the decision policy in the subsequent 10-years,
from 2015 to 2024. At the beginning of the second stage, or 2025, decisions are implemented
conditioned on the hydrological scenario in the first planning stage. It is important to note that
second stage decisions, or composition of the portfolios in the second stage can be different
across scenarios, depending on the first stage hydrological scenario that was actually observed.

Low Demand scenario
There are three Pareto efficient portfolios at reliability levels of 95%, 90%, and 85%,
respectively. Figure 4.9 (a-c) shows the composition of each Pareto efficient portfolio along with
the associated sequential implementation plan. Portfolios are presented in decreasing order of
reliability levels.
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Low Demand Scenario, 95% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
(AUS$ million)

Total cost
(AUS$ million)

1252.61

628.53

1881.14

Dry

Decisions
Dry
ü Transfer, 75GL
ü Trading, 50GL
ü DM op<on 2:
(ini<a<ves for
behavior change

Wet

Dry

Decisions
ü DM op<on 1:
Appliance
replacement

Average

Average

ü Transfer, 75GL
ü DM op<on 2:
(ini<a<ves for
behavior change

Average
Wet

Dry
Wet

t=2015

ü Transfer, 75GL
ü DM op<on 2:
(ini<a<ves for
behavior change

t=2025

Average
Wet

t=2035

4a. PorHolio
composi<oncomposition
and sequen<al implementa<on
plan for low demand scenario
at 95%for
reliability
leveldemand scenario at
Figure 4.9a Figure
Pareto
portfolio
and implementation
plan
low
95% reliability level

Demand management measures that involves replacement of appliances to be more water
efficient should be implemented at the beginning of the first stage, or in this case, 2015.
Conditioned upon the first stage hydrological sequences, part of the second stage investment
decisions differs. If the first stage hydrological sequences follow a dry trend, three investments-a
75GL of transfer scheme, a 50 GL of trading scheme, and conservation programs that encourages
behavior changes-are needed in the second decade to achieve the 95% target reliability level and
to minimize shortage intensity. If the first stage hydrological sequences follow either an average
or a wet trend, only two investments are needed. The trading scheme is not necessary. Since the
amount of transfer from Goulburn-Murray region to Melbourne is correlated with climate
conditions, an average or wet climate hydrological trend means that Melbourne can get close to
100% of its share from the Goulburn system. On the contrary, the actual amount of water
available from the transfer scheme under dry climate trend can be significantly less than 75 GL
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due to seasonal allocation rules. In this case, farmers are willing to sell high-security water
allocations on the market, and purchasing high-security water allocations can provide additional
amount of water availability. The cost of buying water allocations is much lower than the
penalty cost of water shortage.
Low Demand Scenario, 90% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
(AUS$ million)

Total cost
(AUS$ million)

929.34

2653.45

3582.79

Decisions
ü DM op(on 2:
(ini(a(ves for
behavior change

Dry
Average
Wet

Dry
Dry

Decisions
ü DM op(on 1:
Appliance
replacement

Average

ü DM op(on 2:
(ini(a(ves for
behavior change

Average
Wet

Dry
Wet

t=2015

ü DM op(on 2:
(ini(a(ves for
behavior change

Average
Wet

t=2025

t=2035

Figure 4.9b Pareto portfolio composition and implementation plan for low demand scenario at
90% reliability level
Figure 4b. PorBolio composi(on and sequen(al implementa(on plan for low demand scenario at 90% reliability level

The first stage decision is the same as the Pareto portfolio at 95%. In this case, the second stage
decisions are the same, regardless of the first stage hydrological sequences. Compared with the
portfolio at 95% reliability, if this portfolio is chosen, not only the frequency of shortage will
increase by one time period, the shortage intensity will also deepen.
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Low Demand Scenario, 80% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
(AUS$ million)

Total cost
(AUS$ million)

896.43

7757.93

8654.36

Decisions

Dry
Average

Do nothing

Wet

Dry
Dry

Decisions
ü DM op=on 2:
(ini=a=ves for
behavior change

Average

Average
Do nothing

Wet

Dry
Wet

Average
Do nothing

t=2015

Wet

t=2025

t=2035

Figure 4c. Por7olio composi=on and sequen=al implementa=on plan for low demand scenario at 80% reliability level

Figure 4.9c Pareto portfolio composition and implementation plan for low demand scenario at
85% reliability level
The first stage decision is the same as the two portfolios above. At this reliability level, there is
neither investment in supply augmentation nor in demand management measures at the second
stage.

Contrasting and comparing the three efficient portfolios, one main difference is the choice of
conservation programs that are implemented to manage demand. For the two portfolios with
higher reliability levels of 90% and 95%, they both select the conservation programs that involve
appliance replacement. In contrast, the portfolio with lower level reliability selects the other type
of demand management measures.

Medium Demand scenario
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There are two Pareto efficient portfolios, a different one at reliability levels of 95% and 60%.
Figure 4.10(a-b) shows the composition of each Pareto efficient portfolio along with the
associated sequential implementation plan. Portfolios are presented in decreasing order of
reliability levels.
Medium Demand Scenario, 95% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
(AUS$ million)

Total cost
(AUS$ million)

5,814.09

4,306.72

10,120,81

Decisions
ü DM op+on 2:
(ini+a+ves for
behavior change

Dry
Average
Wet

Dry
Dry

Decisions
ü Desalina+on, 150 GL
ü Trading, 50 GL
ü Transfer, 75 GL
Pipe capacity @75 GL
ü DM op+on 1: appliance
replacement

Average

ü DM op+on 2:
(ini+a+ves for
behavior change

Average
Wet

Dry
Wet

t=2015

ü DM op+on 2:
(ini+a+ves for
behavior change

Average
Wet

t=2025

t=2035

Figure 5a. PorIolio composi+on and sequen+al implementa+on plan for medium demand scenario at 95% reliability level

Figure 4.10a Pareto portfolio composition and implementation plan for medium demand
scenario at 95% reliability level
Compared with the low demand scenario, the increase in demand in this scenario is significant
such that investments in supply augmentations are necessary in the first stage. In addition to the
demand management measures, three water supply infrastructure additions are required: a 150
GL desalination plant, a 50 GL trading scheme, and a 75 GL transfer scheme. Since both the
trading scheme and the transfer scheme originate from the Goulburn-Murray region, the
transport of water of both schemes share the same pipe with a capacity of 75 GL per year.
Investments are made in additional demand management measures in the second stage,
regardless of the first stage hydrological sequences.
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Medium Demand Scenario, 60% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
(AUS$ million)

Total cost
(AUS$ million)

1,995.90

28,657.02
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Figure 5b. PorGolio composi;on and sequen;al implementa;on plan for medium demand scenario at 60% reliability level

Figure 4.10b Pareto portfolio composition and implementation plan for medium demand
scenario at 60% reliability level
Comparing the first stage decision with that of the Pareto portfolio at 95% reliability level only
two additional supply structures are needed: a 50 GL of trading scheme and a 75 GL of transfer
scheme. Constructing a desalination plant is capital intensive, and once it starts to operate there
are high recurring O&M costs.

Comparing the two Pareto efficient portfolios for the medium demand scenario, decision makers
face trade-offs between the direct investments of the desalination plant, along with additional
conservation programs, and the consequences of high water shortage risk. The essential question
is whether the society is willing to pay a premium to have a reliable but expensive water supply
structure for a low water shortage risk.
High Demand scenario
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There are three Pareto efficient portfolios, one of each at reliability levels of 95%, 90%, and
50%, respectively. Figure 4.11 (a-c) shows the composition of each Pareto efficient portfolio
along with the associated sequential implementation plan. Portfolios are presented in the
decreasing order of reliability levels.

High Demand Scenario, 95% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
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Total cost
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Figure 6a. PorIolio composi+on and sequen+al implementa+on plan for high demand scenario at 95% reliability level

Figure 4.11a Pareto portfolio composition and implementation plan for the high demand
scenario at 95% reliability level
The further increase in demand requires more supply capacity in order to achieve the target
reliability level and to minimize the intensity of shortage. Supply augmentations are necessary in
the first stage. In addition to the investments made for the portfolio at the same reliability level
for the medium demand scenario, the pipe capacity is increased to 125 GL and demand is more
tightly controlled since the first stage. Because of the high rate of demand growth, a second
desalination plant is needed at the second stage, regardless of the first stage hydrological
sequences.
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High Demand Scenario, 90% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
(AUS$ million)

Total cost
(AUS$ million)
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Figure 4.11b Pareto portfolio composition and implementation plan for the high demand
scenario at 90% reliability level
Figure 6b. PorIolio composi+on and sequen+al implementa+on plan for high demand scenario at 90% reliability level

Compared with the Pareto portfolio at 90%, the first stage investment decisions are very similar,
except that only one type of demand management measures is implemented. At the second stage,
investment decisions differ depending on the first stage hydrological sequences. If the first stage
hydrological sequence has a dry trend, then a second desalination plant is needed. In this case,
the second desalination plant serves as an insurance policy, where it does not need to be turned
on all the time, but if Melbourne were to experience an extended drought coupled with high
demand, it guarantees water supply reliability. Otherwise, implementing additional conservation
measures is sufficient to achieve the 90% reliability level.
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High Demand Scenario, 50% reliability
Direct investment cost
(AUS$ million)

Vulnerability cost
(AUS$ million)

Total cost
(AUS$ million)

896.43
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Figure 6c. PorIolio composi=on and sequen=al implementa=on plan for high demand scenario at 50% reliability level

Figure 4.11c Pareto portfolio composition and implementation plan for the high demand
scenario at 90% reliability level
Compared with the above two Pareto portfolios, only one desalination plant is included in this
portfolio. The key trade-offs for the high demand scenario is whether the society is willing to
pay for a second desalination plant in exchange for high reliability and limited shortage.

For easy comparison of portfolios across the three demand scenarios or within the same demand
scenario, Table 4.6 summarizes key results, including direct investment of the portfolio,
associated reliability and vulnerability along with the sequential implementation plans.

138

Table 4.6 Summary of all Pareto efficient Portfolios for the three demand scenarios analysed
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Portfolio Composition
Supply Augmentation Options
Demand Management
Programs that
Direct
Replacement encourages
Investment Shortage
Demand
Trading water Transfer water
long-term
Reliability
desalination of inefficient
scenario
(ML)
allocations entitlements
(AUS$
appliance
behavior
million)
change
Low
95%
$1,253
20,951
2(D)
2
2
90%
$929
88,448
2
85%
$896
258,598
Medium
95%
$5,814
1,435,570
90%
$6,355
1,468,343
2(D,A)
2
80%
$5,862
1,794,837
2
75%
$5,996
1,829,146
2
60%
$1,956
9,552,340
High
95%
$7,451
348,469
2
90%
$6,770
2,187,283
2
80%
$7,015
3,701,067
75%
$6,330
4,351,823
50%
$2,106
13,953,430
Legend
2: second stage decision, which are universal across all three hydrological scenarios in the first stage
2( ) : second stage decision, which is conditioned on the hydrological scenario indicated in the parenthesis

4.3.4

System operation for an efficient portfolio

After evaluating the efficient portfolios and implementation plans, it is necessary to assess
system operation strategy because supply augmentation and conservation policies can change
operation strategies of the existing reservoirs. For each portfolio, there are nine different system
operation plans, depending on the hydrological scenarios. Given there are 72 system operation
plans (i.e. 8 portfolios × 9 system operation plans per portfolio), we discuss two system
operation plans in depth below, as examples.

Taking the dry-average hydrological scenario as an example, we compare differences between
efficient portfolios at 95% and 90% reliability for the high demand scenario, discussing how
different portfolio composition and implementation plans change the system operation strategies.
Two key differences between the portfolios are: (1) there is an additional 150 GL desalination
capacity implemented in the second stage for the 95% reliability portfolio, and (2) demand
management option 2 (i.e. continuous conservation initiatives that encourage consumption
behavior changes) is implemented at the second stage rather than the first stage, for the 90%
reliability level. The impact of different implementation timing of the continuous demand
management policies is illustrated in Figure 4.12 (orange lines).
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System Opera5on for high demand por<olio at
90% reliability level

System Opera5on for high demand por<olio at
95% reliability level
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Transfer

Desalina;on 1st stage

Desalina;on 2nd stage

Unsurpressed demand

Managed demand

Figure 4.12 System operation plans for efficient portfolios of the high demand, average-dry
scenario at 95% and 90% reliability levels
Bars in different colors represent the amount of water supplied by various sources. The red line
indicates unsuppressed demand. In comparison, the orange line shows demand after various
conservation programs are implemented. Without any measure of demand management, there
will be more shortages (i.e. gaps between bars and the red line), both in frequency and in
quantity, for the given supply portfolios. This means that if there were no demand management
measures in place, water utilities would need even more supply options in order to achieve the
target reliability level. It is worth noticing that supply augmentations do not need to operate at all
times and at full capacity when it is under operation. For example, the second desalination plant
(light blue bars on the left figure) does not supply at its full capacity at all times; because the
available amount of water from reservoirs and other surface water sources are sufficient already,
there is no need to turn on the second desalination plant in years 2027 and 2028. Without a
second desalination plant, there are two shortages, in 2032 and 2035 (gaps between bars and the
orange line in the right-hand-side figure). Because the portfolio at the 95% reliability level

141

implements more demand management measures in the first stage, the rate of demand reduction
in the first stage is bigger than that of the 90% reliability level.

In cases when there is surplus from the desalination plant (e.g.: year 2026-2033 for 95%
reliability), the surplus amount (i.e. the amount that are above the orange, managed demand line)
is used to fill Thomson reservoir. Figure 4.13 shows comparison of the storage at Thomson
reservoir with and without the desalination plant. Since the cost to supply water from the
reservoirs is one-twelfth of the cost of supplying from the desalination plant, the desalination
surplus helps recover Thomson reservoir storage more quickly through a more reliable source
than natural stream runoff. This also means that there is more water availability from the
reservoirs system for the next time period.

Thomson Storage at 90% reliability
with vs without desalina>on

Thomson Storage at 95% reliability
with and without desalina>on
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Storage volume (ML)

Storage volume (ML)
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2033

Year

Year
Thomson storage without desalina@on

Thomson storage with desalina@on

Figure 4.13 System operation plans for efficient portfolios of the high demand, dry-average
scenario at 95% and 90% reliability levels
For both cases, the green bars represent the storage of Thomson reservoir in a state where there is
no desalination plant in the portfolio. The Blue bars represent the storages of Thomson reservoir
in a state where one or more desalination plants are included in the portfolio. The cases where
2015

2018

2021

2024

2027

2030

2033

Year

blue bars are higher than the green bars mean that the surplus of desalinated water is stored in the
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Thomson reservoir for use in the future. The height of blue bars on the right-hand-side figure is
lower than the ones in the left-hand-side figure because there is only one desalination plant
available for the entire planning period at the 90% reliability portfolio.

4.4

Climate Informed Simulation Analysis

After evaluating trade-offs among the Pareto efficient portfolios for each demand scenario,
decision makers can choose portfolios that have the most potential and perform a simulation
analysis in order to evaluate its robustness and assess the range of change of the objective
function. To demonstrate the simulation for this case, we choose the Pareto portfolio at 95%
reliability level for the medium demand scenario as an example.

We generated a total of 1,000 scenarios to evaluate performance of the Pareto portfolio. In order
to assess the robustness and resiliency of the chosen portfolio, particularly under climate change.
Four climate ensembles are considered, and each ensemble consists of 250 20-year time series of
hydrological sequences and the associated water allocation prices. The four categories of
scenarios are: (1) no climate change (replicating statistical characteristics of history over the
period 1913 to 2015); (2) mild climate change, (3) medium climate change, and (4) severe
climate change. The percentage change from the long-term average of the historical records over
1913-2015 is summarized in Table 4.7.
Table 4.7 Changes of key parameters for three different climate change scenarios
Climate change scenario
Mild
Medium
Severe

Temperature
0.3
0.5
1
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Rainfall
0
-2%
-4%

Evaporation
1%
3%
7%

Streamflow
-3%
-7%
-11%

After applying the investment decisions and the sequential implementation plans at each
hydrological time-series, Figure 4.14 summarizes the range of reliability, vulnerability, and costs
of 1000 simulation scenarios.
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Figure 4.14 Simulation results of the robustness of the 95% reliability optimal portfolio for the
medium demand scenario
The histogram in red shows the number of simulation scenarios (out of the 1000 scenarios) that
achieved at least reliability level α. The box plots present the range of water shortages, or
vulnerabilities, for the associated scenarios that achieved reliability at level α. The box plot on
the upper half of the chart shows the range of water shortages at each reliability level α. It is
important to note that water shortages in some scenarios can be severe even if they achieve a
high level of reliability. This means that a high reliability level does not guarantee less amount of
water shortage. For example, there are cases where the amount of shortage at 95% reliability
level is larger than some shortages at 90% reliability level (i.e. compare the upper part of the
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blue box plot with the lower part of the brown box plot). This implies that purely considering
water shortage risk as a frequency measure is inadequate, and subsequent plans based on this
measure may not sufficiently mitigate the water shortage risk.

To evaluate the robustness of each climate change scenarios, Table 4.8 exhibits the robustness of
the Pareto portfolio for each climate possibility.
Table 4.8 Summary of robustness of the Pareto portfolio for each climate scenario
Scenario Category
Historical hydrological conditions
Mild Climate Change
Medium Climate Change
Severe Climate Change

Reliability
Mean
Range
97%
[90% 1]
91%
[65% 1]
91%
[65% 1]
89%
[60% 1]

Shortage (ML)
Total Cost ( AUS$ million)
Robustness
Mean
Range
Mean
Range
55,390
[0 239,400]
91.2%
$8,727 [$4,750 $20,342]
158,000
[0 730,828]
61.2%
$10,700 [$4,910 $28,617]
158,340
[0 734,000]
59.6%
$10,900 [$4,746 $29,031]
188,131
[0 766,031]
50.4%
$11,823 [$5,087 $30,818]

Four measures were compared in Table 4.8, including the mean and range of reliability level, the
amount of shortage, robustness and total cost, for each potential climate possibility. As a
comparison, the average shortage amount for the optimal Pareto portfolio at 95% reliability level
is 348,469 ML, and the total cost for the portfolio is AUS$8496.22 million. The more severe
climate change, the lower the reliability and the more intensive the shortage. Although the mean
reliability level remains fairly high even for the most severe case of climate change, the
reliability level can be as low as 60%, for the given Pareto portfolio. The robustness measures
the number of simulation scenarios that achieve 95% reliability level. The higher the number, the
more robust the Pareto efficient portfolio facing uncertain climate in the future.

Besides evaluating the robustness of the Pareto portfolio, resiliency was also assessed. Figure
4.15 compares average length of shortage of the simulation, separated for each climate ensemble.
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It is fair to state that the chosen Pareto portfolio is resilient even under the most severe plausible
climate trend, as the majority of the average length of shortage is 1 year.

Histogram of Por8olio Resiliency
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Figure 4.15 Comparison of the portfolio resiliency for different climate possibilities
4.5

Insights and policy implications

1. Vulnerability is a necessary component of water risk and should be included in the
planning process.
In the traditional planning approach, where only the frequency measure of the risk is considered,
it is obvious that the higher the reliability a society desires, the higher the cost of achieving such
a reliability level (Figure 4.16a). The cost function considers only direct investment cost, which
includes upfront capital expenditure and recurring annual operation and maintenance (O&M)
costs. However, this traditional approach neglects the severity of shortage when it occurs.
Without quantifying the water shortages over the entire planning period, this traditional approach
implicitly assumes higher reliability is equivalent to less severe shortage. Yet the assumption can
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be erroneous. For example, Figure 3 shows the amount of shortage for 85% reliability level is
higher than the amount of shortage at 80% reliability level (i.e. the vulnerability cost for 85%
reliability level is higher than that of 80%). Thus, lacking consideration of severity of shortage
can result in underestimation of water shortage risk in the planning process.

Comparison of Cost–reliability trade-oﬀs and cost–risk trade-oﬀs
Cost-Risk Eﬃcient Fron@er

Cost-Reliability Eﬃcient Fron@er
$8,000

$50,000
Cost A$ Million
(Direct cost + Vulnerability cost)

Low Demand
Medium Demand
High Demand

Cost A$ Million
(Direct cost)

$6,000

$4,000

$2,000

$0
0%

20%

40%
Reliability
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100%

Low Demand
Medium Demand
High Demand

$40,000
$30,000
$20,000
$10,000
$0
0%
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60%

80%
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Figure 4.16a. Pareto efficient frontier of
portfolios, presenting trade-offs between cost
and reliability for three demand scenarios.
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Figure 4.16b. Pareto efficient frontier of
portfolios, presenting tradeoffs between
cost and shortage risk for three demand
scenarios. For each portfolio, reliability is a
hard constraint while vulnerability is
minimized over the entire planning period.

In our proposed approach, where both reliability and vulnerability are measure in water shortage
risk, the trend of cost-reliability relationship differs from the traditional approach. Vulnerability,
or the severity of shortage, is measured as a form of penalty cost; there is a unit cost, derived
from willingness to pay for avoiding water restrictions, per ML of water shortage. The more
severe of the water shortage, the higher the penalty cost. Incorporating the penalty cost as part of
the cost function, the proposed approach minimizes vulnerability while constrained on achieving
a target reliability level. Figure 4.16b presents Pareto efficient frontier of portfolio with tradeoffs between the cost and water shortage risk.
2. The effectiveness of various conservation programs differs.
Although the above results have shown that demand management is an effective and
indispensable part of a portfolio approach, it is critical to point out that the effectiveness of
various demand management programs differs. Programs that generate water savings through
mandatory or voluntary adoption of water efficient technologies are more cost-effective and
robust. For established housings, government initiated rebate programs provide economic
incentives for voluntary replacement of inefficient water-use appliance. In combination with
rebate programs, government can also enforce enhanced products labeling standards, which
requires new water-using products to be more efficient. Hence, significant amount of water
savings can be generated short- to medium-term (3-5 years), leveraging on the economic
incentive provided by the rebate programs to extend wide adoption of water efficient
technologies. For example, the Victoria State government provided AUS$ 100 per household for
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installing WELS 12 labeled dual-flush toilet (State of Victoria, 2015). Because once the
appliances are replaced, water savings are generated without the need of behavior change from
consumers. More over, because household water-consumption appliances normally have a lifetime of 10 to 20 years, the generated water savings can be considered permanent for the case
study planning period. This is equivalent to a lower average per capita water consumption that
results in reduction in future demand forecast. Looking from the supply perspective, the reduced
demand implies that investment decisions on infrastructure can be delayed for some time, while
water utilities are able to maintain the acceptable risk level with existing supply systems.
In contrast, demand management programs that focus on long-term, voluntary water
conservation behavior changes are less effective in reducing demand with higher cost. Studies
(Cooper & Crase, 2009; Hensher et al., 2006) have found that water consumption behaviors are
sensitive to socio-economic factors (e.g. income level, values and norms) and external forces
(e.g: physical environment, legal structures, and regulations). Past observations validated the
findings from these results. For example, despite its controversies and many critics, during the
Millennium Drought, the Target 155 campaign13 was effective in reducing water consumption in
a very short period of time, with 53 billion liters of water saved over a 20-month period14.

12

Water Efficiency Labeling and Standards (WELS) a nation-wide scheme that requires certain products to be
registered and labeled with their water efficiency in accordance with the standard set under the national Water
Efficiency Labeling and Standards Act 2005 (the WELS Act). A WELS regulator is established under the 2005
WELS Act. The WELS products include plumbing products (i.e. shower heads, tap equipment, and low
controllers), sanitary ware (i.e. toilet equipment and urinal equipment), and white goods (i.e. clothes washing
machines and dishwashers).
13

The Target 155 is an advertising campaign led jointly by the Melbourne Water and the Victorian Department of
Sustainability. The goal is to encourage responsible use of water in homes and industries, reducing daily water usage
to 155 liters per person. The campaign was launched in December 2008 and ran until February 2011.
14

It is important to not that this saving is a combination of various water conservation programs, and the Target 155
campaign is one of them. Because multiple conservation programs were in place during the 20-month period, it is
infeasible to piece out water savings from each individual program. This was a major challenge and difficulty for
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Although such programs have notable potential to reduce large amount of demand in short-term,
in maintains large uncertainty, compared with conservation programs that adopt efficient
technologies. The uncertainty are two fold: (1) the total amount of water savings are difficult to
predict since it entirely depends on individual’s consumption behavior; and (2) for how long
these water-saving behaviors can last is unclear. Observations have found that there is always a
trend of consumption rebound post droughts, resulting in demand growth rate back to similar
state prior to droughts. Therefore, when comparing the two different types of demand
management programs, it is obvious that programs that focus on increasing adoption of water
efficient technologies have long-lasting results, which have little effect by exogenous variability.
From a demand management perspective, such programs are low-hanging fruit that should be
implemented first.
3. Supply augmentations add supply reliability in different ways
Is a transfer scheme better than a trading scheme?
When possible, buying water allocations from the market is more cost-effective and resilient
in response to drought conditions, particularly during an extended drought crisis. Taking
advantage of basic principles of market, trading water allocations are essentially an economic
tool to reallocate water from lower value to higher value. When designed properly, a water
market allows farmers to willingly “lend” their water rights temporarily to urban users.
During drought, farmers who do not have enough water to produce profitable yields are
better off to lend their water rights to metropolitan water utilities, which are willing to pay a
price on the water allocation rights for the season. This means that there are additional
amount of water available for urban use during drought, creating negative climate
evaluating the effectiveness of individual demand management program. For this reason, individual demand
management programs were grouped into categories, based on their common characteristics in this research.
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dependency. Due to this negative correlation with climate conditions, such an option reduces
water shortage risk in droughts! This is in contrary to a transfer scheme, which water utilities
hold permanent water entitlements. Holding permanent water entitlements means that the
amount of water available is subject to the same climate variability as other surface water
sources that are close by.

Another benefit of trading water allocations is its flexibility. While water utilities can
“borrow” seasonal water allocations in dry climate conditions, they are not obliged to
maintain the ownership during normal or wet climate conditions. For example, the portfolios
at the 95% reliability level for the low demand scenario and the medium demand scenario
included the water allocations trading option (Table 4.6). In both cases, this option was only
included in the second stage decision, conditioned on the first ten years were dry climate
condition. If there are plenty of precipitation and high volumes of inflows to reservoirs, water
utilities did not need to purchase seasonal water allocations in the second stage. In contrast,
water entitlements obtained through permanent transfer requires urban water utilities to
operate and maintain physical infrastructures that store water from the transfer schemes.

One caveat is worth noticing. Since permanent water rights were paid for as a capital
expenditure, there is no additional per unit variable cost besides O&M cost. Thus, using the
transfer scheme during normal climate conditions is more cost-effective than the trading
scheme.
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In short, trading provides more flexibility than transfer, therefore makes it better in dealing
with uncertainty. In an ideal case, when trading and transfer are both included in the portfolio
and share same distribution system, water utilities have greater flexibility to operate
depending on the year to be more cost-effective.

Desalination plant is a reliable insurance policy
While including a desalination plant increases direct investment costs of a portfolio
significantly (Table 4.6), the results indicated a desalination plant offers significant benefits
to urban water supply system. There are three main benefits.

(1) The amount of water supply produced from a desalination plant is independent of
exogenous climate variability. Together with the large amount it is able to produce, a
desalination plant is the most reliable supply augmentation in a portfolio.

When

comparing portfolios within the same demand scenario (the medium and high demand
scenario in Table 4.6), it is clear that portfolios with high reliability level and low
shortage include a desalination plant.

(2) Not only does a desalination plant provide robustness to climate uncertainty, it
contributes sustainable amount of supply to meet rapid growing demand. Comparing the
portfolios at the 95% reliability level across the three demand scenarios, it is obvious that
a desalination plant become necessary when demand is high. It is worth emphasizing that
while cheaper options, either supply augmentation or demand management measures, can
delay the decision of investing in a desalination plant, there comes a time where demand
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outgrows and investing in a sizable, reliable supply infrastructure is inevitable. For
inland cities, which do not have the advantage of purifying seawater, large-scale water
recycling can achieve the same effect.

Reverse Osmosis, the core technology of

desalination, can readily be applied to treated wastewater.

(3) Besides the obvious reliability a desalination plant provides to urban supply system,
surplus desalinated water boosts large reservoir harvest during dry climate conditions. It
can take years for a large reservoir to refill once its storage was significantly declined.
The additional water from desalination, after the demand is satisfied, can be transported
to fulfill empty reservoirs at relatively low cost.

Analyzing results from different option, one vital implication is that it is important to include all
physically feasible options for evaluation and portfolio analysis. If options that face higher
political or social barriers are pre eliminated from the portfolio analysis, the portfolio could be
sub optimal, or in other words, the portfolio could cost more with higher degree of vulnerability.
This type of analytical results and comparison can also provide better information for multistakeholder discussion.
4. Growth in water demand is the main driver of uncertainty.
Besides the uncertainty from climate change that impacts surface water supply availability,
growth of demand, either driven by population growth or by increasing per capita usage due to
economic development, is another deep uncertainty that is difficult to predict and reach
consensus on the probability of specific projections. We assessed performance of the Pareto
portfolio for possible higher demand scenarios by applying the investment decision rules of the
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95% reliability Pareto portfolio (of the medium demand scenario case) to 250 non-climate
change hydrological time series for a simulation (Table 4.9).
Table 4.9 Comparison of performance of the 95% reliability Pareto portfolio for various demand
scenarios
Scenario Category
3% population growth rate,
per capita water use 350 L/p/d
(Medium demand)
6% population growth rate
per capita water use 350 L/p/d
3% population growth rate
per capita water use400 L/p/d

Reliability
Mean
Range

Shortage (KL)
Mean
Range

Robustness

Total Cost ( AUS$ million)
Mean
Range

97%

[90% 1]

55,390

[0

239,400]

91.2%

$8,727

[$4,750 $20,342]

93%

[60% 1]

98,652

[0

637,645]

75.2%

$8,867

[$4,925 $26,028]

79%

[45% 1]

408,258

[0 1,447,138]

22.0%

$19,005

[$5,810 $50,482]

The water shortage risk increases dramatically for the case where per capita water use grows by
14% from the base medium demand scenario, while the population growth rate remains the
same. The robustness of this case drops to 22%, meaning that only 55 simulation scenarios (out
of 250 simulation scenarios) achieved the target reliability level of 95%, for the given Pareto
portfolio under this higher demand case. It is important to point out that this performance is
much worse than even the most severe case of climate change. Under the severe climate change
scenario, the robustness of the same Pareto portfolio is 50.4%, and the average reliability level is
89%. This implies that escalating growth in demand pose a more significant risk than climate
change risk for urban water supply demand planning.

Another insights from this simulation reveals that an increases in population growth has a lower
impact on the overall demand increase. A higher per capita demand has a much greater impact
on demand growth. This implies that demand management should focus on reducing per capita
water consumption, especially since population growth is more difficult to control.
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Chapter 5 From vision to practice: The institutional dimensions of urban
water security

Adapting current urban water supply-demand planning to better cope with uncertainties is not a
trivial task. As discussed at length in Chapters 2 and 4, significant changes are necessary in the
water resource management field, and these changes cannot be realized by technical and
scientific advancement alone. The institutional context is the backbone to support and to direct
alternative paradigms for urban water management (Blomquist, et al., 2004; Pahl-Wostl, 2007).
Institutions underpin the management of water resources and delivery of the key services that
sustain basic human needs, economic growth, and environmental health. Besides challenges of
physical scarcity, many water problems can be traced back to a deficit of good governance,
resulting from a lack of appropriate institutions at all levels, from formal institutional
arrangements to cultural cognitive evolutions. Water management is part of the broader
institutional frameworks of countries; hence the potency of a country’s broader framework will
encourage or hinder effective approaches to managing water resources and its related services at
state or local level. Laws, policies, private and public entities, along with stakeholders who are
indirectly impacted by water resources, can greatly influence how water institutions behave and
perform.

According to the Nobel economic laureate Douglass North, institutions are the rules of the game.
They define roles and procedures for people in a society, determining what is appropriate,
legitimate and acceptable. In the context of water resource management, water institutions
encompass a broad range of forms, including not only formal rules defined by water laws,
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policies and administrations, but also include informal constraints such as customs, traditions and
cultures of water use and water resources development (North, 1990). Many stakeholders, other
than water resource managers and engineers, often dictate the rules of the game for water,
without consciously recognizing their impact on water nor the role of water and its pivotal
importance in their own activities.

Existing literature on water resources management has identified important factors for urban
water management, including social, political, legal, economic and environmental influences
(Bakker & Morinville, 2013; Dawson, 2007; Dominguez et al., 2011; Hurlimann & Donlnicar,
2010). The decision to truly embrace an urban water planning and management strategy that can
adapt to many uncertainties requires various actors besides water resources managers. Hattingh
et al. (2007) categorized these actors in three clusters and used a Trialogue Model to describe the
relationship among the different actor clusters on issues of water governance (Figure 5.1). Using
this model, in order to have a truly supported and implemented risk-based strategy for urban
water supply, two principles are fundamental: (1) there is a need for increased public awareness;
and (2) there is a need for enhanced analytical tools and models yielding results that are credible,
understandable and communicable to a broad range of non-technical stakeholders, including the
public, the media and political role-players (Ashton et al., 2006; Hattingh et al., 2007). To
effectively achieve these two principles, a multi-disciplinary effort involving economists,
hydrologists, water resources managers, political scientists and psychologists, among others, is
acknowledged as necessary for deriving optimal infrastructure investment decisions and water
use policies.
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Figure 5.1 The Trialogue Model (adapted from Hattingh et al., 2007) with structured interfaces
among the three main actor clusters of government, society and science
All three actors influence water governance and consequent water infrastructure investment
decisions. This model illustrates the need for a multi-disciplinary effort to develop and
implement urban water strategy that can cope with uncertainties.

It is not easy for the three actor clusters to adopt the proposed risk-based framework, but the
degree of the institutional challenges varies. Having knowledge and experience of hydrological
variability, hydrologist, engineers, and water resources managers have recognized that there is
need for a paradigm shift to a risk-based planning approach. While they are aware of what future
planning approaches could entail, the specific challenges facing them are the lack of quantitative
and analytical models that integrate risk in the investment and operation decision-making
process. So far, this thesis has focused on identifying and addressing challenges in the science
and engineering process. Chapter 2 provided detailed reviews on this topic, and the proposed
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portfolio-approach contributed to this gap by developing a quantitative decision-making model.
Chapter 3 proposed a risk-based planning framework along with a portfolio approach to
prioritize diversified supply augmentation investment. Chapter 4 demonstrated the proposed
approach in a specific complex case study.

Numerous past experiences have demonstrated the potency of the other two actor clusters,
government and society, on the successful change and implementation of water governance.
However, engineers and scientists often overlook these challenges. Recognizing the significance
of water institutions in adopting a changing planning paradigm, this chapter discusses factors that
may prevent government and society from adopting and adapting to a risk-based framework for
urban water planning. Section 6.1 focuses on factors that influence cultural beliefs and societal
perceptions on water supply security. Section 6.2 discusses challenges from the government or
formal water institutions perspective.

5.1

Socio-institutional challenges in adopting the risk-based planning approach

The social or informal dimensions of water institutions include cultural beliefs, social norms and
values. Discussion of change in water institutions has often neglected the profound influence of
these dimensions on the political and other legitimate actors in a water governance context.
Recent studies have shown that social power plays a pivotal role in water resources management
decisions. Hurlimann and Dolinicar (2010) highlighted the strong influence of public opinion on
the success or failure of the acceptability and implementability of alternative water supply
solutions (i.e. recycled wastewater for indirect potable use) in times of droughts. Quiggin (2006)
has shown how power dynamics–shaped by factors such as class–influence water allocation
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among different sectors and hence affect the political feasibility of alternative water supply
solutions.

Having introduced the importance of social dimensions of water institutions in water
management, we identify here three main socio-institutional challenges. Acknowledging that
changes in beliefs of water supply services have proven to be extremely difficult, the challenges
identified below take the perspective from the science-society intersection.
5.1.1

Misinformed beliefs about capacities to predict and control the water resources
system

Aside from water professionals and resources managers, most people hold the belief that key
variables in the water systems, such as supply and demand, are fundamentally predictable and
controllable. In other words, political decision-makers and customers alike share the belief that
water availability and future demand can be predicted accurately; therefore, water utilities should
be able to develop a supply-demand strategy accordingly. Within this widespread traditional
belief, risk is not associated with water supply services at all. However, the reality is that water
systems are not designed to satisfy all demands, given the full range of possible hydrological
variability. In addition to traditional variability, there is the added contemporary challenge of
dealing with climate risk. Urban water systems should be designed to minimize the combination
of risks and costs of a wide range of hazards to society. The misaligned beliefs about water
professionals’ capacities and approaches to providing reliable water supply services hinder
consumers’ understanding of the value of alternative, climate independent water supply
solutions, which in turn impacts willingness to invest in research, development and
implementation of new approaches.
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5.1.2

Lack of efficient risk communication to decision-makers and community by water
professionals

Effective communication is key to bridging the gap between scientific research and decisionmaking about uncertainty and risk and its role in the decision-making process should not be
underestimated. When communicating the risk associated with supply variability and demand
uncertainty, typical current practices rely on a simplified supply-demand balance. Figure 5.2
provides an example of the simple supply-demand balance. This simplistic view masks the
inherent variability in the surface water supply systems. When customers are presented with the
conclusion that total capacity of the water supply system exceeds the annual predicted demand
without year-to-year variability, they may assume that the surplus of water present in the system
indicates zero likelihood of failure. This is a false conclusion, given that a surplus one year does
not preclude shortage the next. This way of communicating creates a false impression of 100%
water reliability and oversells our ability to accurately predict future water availability and
demand. The use of a supply-demand balance as a communication tool also fails to present the
cost-benefit trade-off. Expand a bit more on this. The lack of proper risk communication could
give those who aspire to a particular agenda an opportunity to “spin the facts” and communicate
in a misleading way that would cause worry or fear.
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Figure 5.2 An example of supply-demand balance from Melbourne Water supply-demand
strategy (Melbourne Water, 2006)
This table shows either a surplus or a shortage in supply-demand balance. Shortages indicate the
need to expand supply capacity or to manage demand. However, the complex annual supply
variability and uncertainty were masked by simplification of two simple categories, low and
long-term average inflows. Since decision-makers (i.e. water ministers) in the State Government
are the primary audiences who are often non-technical experts, the simplified “snapshot”
representation of supply-demand balance could have high potential to mislead investment
decisions. The document was easily accessible to the general public. Without proper explanation
and communication, this “snapshot” masked true risks of water supply services under climate
change. The over simplification reinforces misinformed beliefs.

5.1.3

Misperception of large-scale water infrastructure

In chapter 4, the detailed Melbourne case study used the risk-based portfolio approach to
illustrate the importance of water resources infrastructure in reducing the risks associated with
climate change, hydrological variability and their impacts on water resources and systems.
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Contrary to current promotion of diversifying sizes of water storage structures, the portfolio
approach focused on diversifying climate risk of each type of water infrastructure to reduce the
overall variability and uncertainty of the supply system. It has been observed that large-scale
infrastructure, such as desalination plants, water trading schemes, and wastewater recycling are
often deliberately communicated in a misleading or manipulative way to the general public. High
capital costs associated with these large-scale projects are often overemphasized and the benefits
of reducing uncertainty and ensuring water reliability in long-term are rarely mentioned. Without
properly understanding natural variability and climate risk of long-term water supply, the general
public grows fearful of large increases in their water bill, if large-scale water infrastructure of
this kind is constructed. These social beliefs have led to increasing popularity of local-scale
water storage solutions such as rainwater tanks and stormwater harvesting (Box 5.1).

The skewed portrayal of the benefits and costs of large-scale water infrastructure as compared to
local-scale alternative water supply solutions mislead society’s beliefs. For a culture where
public opinions have strong influence in political decision-making, misperception hinders a
comprehensive evaluation of all potential solutions to be analyzed in the portfolio approach.
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BOX 5.1 Rainwater tanks and stormwater harvesting as water supplies
While numerous studies passionately promote such local-scale options as alternatives by which to
diversify traditional water supply sources, lauding the ecological sustainability benefits of these
approaches (Brown et al., 2009; Dawson, 2007; Dominguez et al., 2011; Mitchell, 2006), they ignored
the fact that the yield and reliability of rainwater tanks and stormwater harvesting projects heavily
depend on the amount of precipitation. This means that during acute or long-periods of droughts, there
will be very little water available from these small-scale, local storages; hence, households and
businesses still need to rely on central water supply from utilities. In fact, even controlled successful
pilot studies have shown that large tank storage sizes or roof areas are necessary to achieve a
reasonable level of reliability. Imteaz et al. (2013) used Melbourne’s historical daily rainfall data to
find that a tank size of 10,000 L with 100 square meters of roof area are necessary to achieve 90%
reliability for a 2-person household for non-potable uses under average or wet rainfall conditions. This
study also found the maximum achievable reliability for Melbourne cannot achieve higher than 80%
under historical dry rainfall conditions. Other studies conducted in Sydney (Basinger et al., 2010;
CSIRO, 2008; Rahman, et al., 2012) had similar findings. Unlike large-scale water infrastructure such
as desalination plant, findings from these studies demonstrated that rainwater harvesting tanks and
stormwater harvesting projects cannot reduce supply uncertainty and climate risks; therefore, water
supply portfolios that do not contain climate independent infrastructure projects are not truly
diversified and cannot provide the long-term reliability the general public expects.
Contrary to the public’s perception, rainwater tanks and stormwater harvesting schemes are much
more expensive. Various academic studies and government reports have stated that local-scale
rainwater tanks and stormwater harvesting projects rarely achieve economic feasibility. For example,
from a pilot study in Sydney, Rahman et al. (2012) calculated the payback period for single-family
households ranged between 33 and 43 years depending on the tank size, while in multi-family
buildings a payback period was 61 years for a 20 cubic meters tank. In reality, the prices quoted by
media are much lower than the actual full costs; the lower cost are subsidized by government or offset
by rebate programs provided by water utilities (CSIRO, 2008). In addition to the high capital cost
(ranging from AUS$1,743 to AUS$2,113, for 2 KL to 5KL of tank size in Sydney), borne by
individual households, there are significant reoccurring operation and maintenance costs such as
pumping, treatment, and necessary material and replacement (Rahman et al., 2012).

5.2

Formal institutional challenges in adopting the risk-based planning approach

Besides the socio-institutional challenges discussed above that stem from the society actor
cluster, many factors in formal water institutions (i.e. the “government process” in the Trialogue
Model) can hinder the adoption and implementation of the proposed risk-based portfolio
approach.
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5.2.1

Existing legislation is not well adapted to define new water property rights

Present day water institutions are not well equipped to accommodate uncertainty. In
consequence, existing rules, regulations and laws may limit the scope of responsibilities or
decisions any given institution can make. As water become more apparent as a scarce resource,
the definition of water rights evolves over time. Historically, water is treated as a public property
with open access, which is appropriated by a group and becomes common pool property15. In
many countries, constitutions grant state authority and responsibilities to manage water
resources, which makes water a governmental property, while acknowledging existing individual
uses (private property). In most countries, the state develops a license system or a property rights
system to allocate water resources. Recent non-traditional water supply solutions pose legal
challenges to the historical definition of water property rights. For example, existing prior
appropriation doctrine 16 (FWS, 2015.), established in the Western United States, hinders
feasibility of trading of seasonal or annual water allocations between irrigators and
municipalities, as users are afraid of losing permanent water rights due to non-use.
5.2.2

Political influence in real decisions

The long-lasting perception of water as a public resource means that it is particularly susceptible
to political influences. Yet there seems to be great misunderstanding of what the concept of
governance encompasses. To many technical experts (engineers, scientists and development
planners, for example) governance is only composed of laws, regulations and institutions, which
can be modeled exogenously. The common belief is that there is an ideal set of laws, regulations

15

A common pool property means that the management group has rights to exclude non-members, and nonmembers have a duty to abide by the exclusion. Individual members of the management group have both rights and
duties with respect to use rates and maintenance of the property.
16

Under the prior appropriation doctrine, users can lost their permanent rights over time if non-use of the water
source is demonstrated or if the water has not been used for a certain number of years.
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and institutions that will result in good water governance. However, practical experiences
suggest otherwise. In many settings, despite rational laws and regulations in place, the outcomes
and performances are nonetheless far from ideal, most of time because these rational laws,
regulations and institutions contradict with a working political system. Managing urban water
resources involves many stakeholders and interest groups. For example, government agencies
that have developed certain programs (such as rainwater tank rebate programs) do not wish to
have their programs and resources disrupted by large policy changes and can display strong
bureaucratic resistance to change. Interest groups that have built their positions and developed
their sources of political power do not want to lose their existing benefits and leverages, and they
too can pose strong resistance to any changes. The later is particularly true in allowing water
trading between rural and urban use. These problems demonstrate that there is large inertia
working against changing policies once they are in place and making thus adopting innovations
in water management more difficult.

It is important to point out that water governance and institutional arrangements vary greatly
among countries. In some countries and regions, for example, China, the Middle East and North
Africa, top-down management and hierarchical control dominate. In other countries, particularly
those operating under federal systems, management power tends to be diffused among various
government agencies, civil societies, and in some cases, markets, with varying levels of
emphasis on features such as multi-stakeholder participation and transparency. Depending on the
political systems and the consequent institutional arrangement, the institutional barriers to
adopting and to implementing the risk-based framework for urban water planning can be faced at
different levels of geographic scale.
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5.3

Additional Institutional challenges in less-developed countries

Compared with developed countries, urban water supply systems in developing countries are
more vulnerable to climate risks. Many industrialized nations have an “good” hydrologic
legacy17 compared with poorer countries, as illustrated by Figure 5.3. Countries with “difficult”
hydrologic legacy will inevitably need more infrastructure and stronger institutions. However,
most poor countries have small endowments of water infrastructure and fragile institutions. The
paradox of vulnerable economies requiring more investment to achieve water security with
limited financial resources and capacities has been a long-lasting challenge. It is already difficult
for less-developed countries to achieve water security, yet these countries confront ever greater
difficulties as the world climate changes with even more uncertainties.

In addition to the challenges discussed in section 5.1 and 5.2, which are more apparent to
industrialized nations with relatively well-developed water infrastructure, developing countries
and emerging economies face additional institutional challenges, particularly due to limited
financial resources, inadequate awareness of supply variability and climate risk as well as low
levels of technical capabilities.

17

An “easy” hydrologic legacy implies relatively low seasonal and annual rainfall variability, with moderate rainfall
distributed throughout the year and sustained river flows, results in hydrology that is relatively “easy” to manage.
An “easy” hydrology means that it requires less water storage structures and lower level of technical skills to
achieve a basic level of water security.
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Figure 5.3 Statistical relationship between rainfall variability and GDP (Adapted from Brown &
Lall, 2006). The figure shows that greater rainfall variability is statistically associated with less
economically developed country.
5.3.1

Inadequate awareness of supply variability and climate risk

As proposed by Jeffrey & Seaton (2003), awareness is one of the requirements for successful and
ongoing implementation of changing water management. The awareness refers to
“acknowledgement that a problem needs to be addressed and that a possible solution exists”
(Jeffrey & Seaton, 2004). Although the need for a changing paradigm of risk-based framework
has been discussed in the past several years, mostly in academic communities, water
practitioners in many countries still follow the traditional “predict-then-act” approach. In many
developing countries, when planning to fill the supply-demand gap in some near future (e.g. the
next 20 to 30 year), water utilities and government planning agencies use a single number, the
long-term average inflow, to represent existing system’s availability, failing to incorporate
annual variability. These practices reflect low awareness of the significance of supply variability
in infrastructure investment planning. Without this critical acknowledgement at both national and
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local institutions, water practitioners do not model yields of existing supply system as an
uncertain variable in the capacity expansion planning process, let alone uncertainties due to
climate change and other socio-economic factors.

Not only do water utilities at the local level not adequately incorporate variability and
uncertainty in planning, most important policies at national level are ignorant of ramifications of
neglecting supply variability in infrastructure investment planning. Since national policies often
dictate planning frameworks undertaken by water utilities and local government, the inadequate
awareness at the national level creates barriers to adopt the risk-based planning approach as a
mainstream development framework. Box 5.2 uses urban water planning in China as an example.
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Box 5.2 Urban water planning in China
Taking China as an example, although water supply-demand strategy is developed at provincial or
prefectural level, there are national policy documents which govern the strategy development approach
and set priorities for urban water management. On one hand, since there is no guidance or requirement
on integrating hydrological variability and climate risks in capacity expansion planning, supplydemand balances are universally based on historical long-term averages at the provincial or prefecture
level office of Ministry of Water Resources. The long-term average is used to prepare annual Water
Resources Allocation Plan, which determines water availability for different uses within a river basin
and within administrative regions in that basin. In the urban context, public water supply entities
(either bulk suppliers or retail utility companies) obtain permits to provide urban water supply
services. The annual available water entitlements, given to the urban water suppliers, are governed by
the supplier’s Water Supply Plan, the amount of which available is capped by the Water Resources
Allocation Plan (Cosier & Shen, 2009). Without acknowledging the complexity of seasonal and
annual hydrological variability and the potential climate risk, this type of planning means that
investment in additional water supply capacities cannot guarantee the reliability level set by national
policy.
On the other hand, the national Five-Year Plan dictates priorities of supply-demand strategy. For
example, the 13 th Five-Year Plan directs municipalities to dramatically improve water use efficiency
and develop local targets and plans for water conservation. Due to this policy, annual water demand is
planned separately based on water use quota without considering various consumption trends or
behaviors. The Five-Year Plan also directs municipalities to prioritize developing community-scale
rainwater harvesting schemes as alternative sources of water supply. Inadequate awareness of
variability and uncertainty in the national policy means that neither hydrological variability nor
climate risk are considered in the local level investment decision-making process. As discussed in Box
5.1, small-scale, climate dependent alternative water supply sources are neither cost-effective nor
reliable under climate change. The national policy promotion and prioritization of climate-dependent
sources means that the impacts of ineffective investments could be multiplied vastly and quickly at
numerous local cases.

5.3.2

Lack of capacity at all levels to understand and integrate climate risk

In many developing countries, science has had a minimal role in major infrastructure investment
planning. Understanding the impact of climate risks on water systems requires rigorous scientific
research on climate science, physical changes in hydrology as well as adaptation and mitigation
measures in engineering designs and systems. In many cities, the capacity to assess climate risks
on water resources systems remains limited. In order to understand local exposure to climate
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change hazards, cities will need relevant and sufficient data, knowledge, and talent (Fünfgeld,
2010; WWDR, 2012).

Lack of reliable and quality data prevents hydrologists from understanding and modeling
physical interactions of climate and water resources availability as climate changes. Data
deficiency also obstructs water utility managers developing trust-worthy analytical tools that
could provide analytical insights for supply-demand strategy. Without good analytical tools,
decision makers are less well informed, which could leave more room for unnecessary political
influence. This challenge is also compounded by the trivial role science and engineering
traditionally played in water institutions for most developing countries.
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Chapter 6 Summary, Conclusions and Future Research Suggestions

As an increasing number of major cities have suffered unprecedented droughts and water
shortages in recent years, water sectors have experienced considerable challenges with respect to
the task of providing secure and reliable water supply services on a global basis. On the supplyside, climate change has exacerbated temporal and spatial variability, as well the severity of
demands upon existing water availability. Furthermore, the deep uncertainty of climate change
adds another layer of complexity to the problem of developing a robust and resilient water
supply strategy. On the demand side, rapid population growth and urbanization has put enormous
pressure to satisfy the demand for water on major cities. The rising appetite for environmental
sustainability in urban landscapes, even during droughts, requires cities to adapt to provide
resources for multiple purposes. In sum, whether it is from the supply-side or the demand-side,
uncertainty prevails.

Traditional planning frameworks have relied on the philosophy of predict-then-act. Yet these
frameworks are inadequate to respond to various types of uncertainty. The current dilemma of
water utilities and government municipalities calls for a change of paradigm in urban water
supply-demand planning. What is required is a means of responding to climate change, as well as
uncertain socio-economic conditions.

The looming challenges facing urban water sectors are three-fold.
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(1) First, from a technical perspective, water security risks are ambiguously defined. While there
are numerous discussion about the need of a risk-based planning framework, little research has
attempted to develop concrete analytical tools that are truly risk-based.

(2) Secondly, from an economic and financial perspective, the need to investment in water
supply infrastructure is a pressing issue for both developed nations and low-income countries.
Aging assets need to be replaced and new structures built.. Yet the gap between the investments
need and limited financial resources grows as investment decisions keep being delayed to the
future.

(3) Thirdly, from an institutional perspective, the conflicting policies and objectives of multiple
government agencies, along with the unclear roles and responsibilities of various water
governance institutions, prevent water utilities from adopting and implementing an innovative
approach to supply-demand planning. These challenges cannot be addressed by any single
discipline, and the need for multi-disciplinary research is ever more evident.

In facing these challenges, one immediate question for water utilities and governments based on
the factors considered above, is how to systematically invest in urban water supply-demand
strategy that are cost-effective, robust and resilient to water security risks. This thesis introduces
a risk-based planning framework and portfolio approach to investment strategy. Large number of
proxies measuring water security risks have been used in practice, but the definition of water
shortage risk in the urban context has not been clarified. The present study is a step toward
defining risk in a precise manner for the urban water resources planning. Moreover, this study
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proposed a decision-making tool to quantify and showcase how uncertainty and risk impact
investment decisions and timing.
Summary of the proposed risk-based framework
Considering the uncertain nature of many existing water supply systems, it is important to have a
supply-demand strategy that can cope with various aspects of uncertainty. Given a specified
static condition (physical, social, and political), the aim is to find the most cost-effective
investment plan . Searching for decisions under the pressure of many potential contingencies is
possible. Indeed, the question of how to make decisions at present without knowing which future
prediction is more likely to be realized is the new norm of the problem. What if there is a wider
range of variability and uncertainty than those that are evaluated? Can the investments made now
be robust and resilient enough to prevent future catastrophic consequences? How risk-averse
should we be when confronting water shortages? The proposed risk-based framework may
provide a necessary means of answering these questions.

The proposed framework yields trade-offs between shortage risk and costs–both direct
investments and economic cost. It provides decision makers with better analytical evidence that
will make for a more informed discussion on acceptable levels of shortage risk and the question
of how much are consumers willing to pay for it.
Summary of the portfolio approach to urban water investment planning
One investment strategy to cope with uncertainty while controlling the level of risks is to
diversify the risks of individual assets. The various levels of risk exposure associated with
different types of water supply options, as well as changes in climate, provide opportunities for
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water utilities to bundle supply augmentations. The goal is to allow the supply portfolio to hedge
climate risk under a wide range of conditions. This thesis applies the concept of diversifying
risks were applied in the portfolio approach.

This thesis focuses primarily on engineering and economic issues. It proposes an alternative
paradigm to urban water supply-demand planning with an analytical tool. It also addresses
contemporary urban water management challenges in a multi-disciplinary manner.
Accompanying detailed discussion of the development and application of the decision-making
tool, in Chapter 5, this thesis identifies and discusses potential social and institutional barriers to
adopting and implementing such an approach in practice.
Future Research Suggestions
While this thesis presents an approach to integrate risk in urban water investment planning, it is
only possible to scratch the surface of what is potentially a very important and pressing field of
study. In recognizing the limitations of this thesis, the following areas are especially important
for future research.

One of the essential components of risk-based planning using analytical tools is to identify and to
describe, in appropriate ways, the model parameters that characterize key system inputs,
particularly climatic and hydrological variables. It is necessary to understand and model the
hydrological cycles of a particular water basin under climate change. The robustness and
resilience of optimal portfolios heavily depends on the validity of characterization of variations
and changes of water availability caused by climate change.
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The method of quantifying vulnerability cost is vital to investment decisions, both portfolio
compositions and investment sequencing. Rigorous survey methodologies and economic
analyses are necessary to derive WTP to avoid various levels of water restrictions. Water is a
heterogeneous product; thus it is natural to expect that vulnerability costs for different uses will
vary. The question of how having various vulnerability costs that correspond to different levels
of water restrictions will change optimal portfolios and invest sequencing can be particularly
crucial for decision-makers.

Planning processes with multi-stakeholders naturally constitute criteria that go beyond traditional
responsibilities of water utilities. In the recent decades, environmental criteria, such as
constraints on Green House Gas (GHG) emission, energy use, and long-term river health, gain
increasing weight when alternative water supply infrastructure are evaluated. While multicriteria optimization techniques can be used to include more objectives, even conflicting ones,
the trade-offs among various objectives are not easily communicated and understood by
decision-makers in practice. In many cases, the long-list of candidate solutions maybe boiled
down to only a handful of most promising ones by careful examination of each value of the
alternative criteria. While to rely exclusively on one single criteria can lead to systems that fail to
work as desired, including too many criteria at the screening stage of planning process will result
in the unnecessary elimination of promising solutions, which in turn will cause suboptimal
system performance and higher investments eventually.

The proposed risk-based framework for urban water supply-demand planning is general in nature
and can be widely applicable. Input variables quantification and systems modeling using the
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portfolio approach, however, should be defined to account for the characteristics of a particular
case. The types of possible supply augmentation options are discussed in Chapter 2 and Chapter
4. The question of which options are physically and technologically feasible depends on the
geographic location of a city and the type of systems that have already existed. The possibilities
of extension for applying the risk-based portfolio approach to other major cities with vastly
different geographic locations, hydrological cycles, cultural beliefs, and governance institutional
settings should be determined through comparative case studies.
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