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Summary

Recent drought conditions across Australia have significantly depleted
water storages in most urban centres. While the recent drought has
beenabnormally severe, current urban water shortagesare indicative of
abroaderlong-term trend of increasing urban water scarcity in Australia.
This trend has been driven by a gradual long-term declinein mean
inflows into storage, increasing demand because of population growth
and minimal additions to supply capacity.

Prior to the recent spate of supply augmentation activity, urban
water scarcity was dealt with primarily through demand management
measures,including the imposition of water restrictions.

Supply augmentation, inresponse to long-run demand growth, has
traditionally involved the periodic construction of new dams. However,
concernover environmental impacts, alack of suitable sitesand
potential climate change effects, have forced water utilities to consider
alternative supply options such as desalinationand recycling. These
new supply options provideamorereliable supply of water butinvolve
substantially higher capital and operating costs.

Urban water policy

.

Urban water utilities have two main policy instruments at their disposal:
demand management policy and supply augmentation policy. Demand
management policy includes the use of water restrictions and pricingas
wellasadvertising campaigns and incentives forimprovements in water
use efficiency. Supply augmentation policy is concerned with the nature
and timing of additions to water supply infrastructure.

Urban water policy can be considered to have both shortand long-

run contexts.Inthe short run,when supply infrastructure s fixed, the
water utility must rely on demand management policies such as water
restrictions to ration available water inthe event of any scarcity (as

may arise under drought conditions). In the long run, water utilities can
influence the supply of water by undertaking supply augmentation. The
optimallongrundemand management policy (for example, the long-run
mean frequency of restrictions or mean price level) will need to maintain
the optimal balance between the benefits of water consumptionandthe
costs of supplyaugmentation.

A potential role for scarcity pricing

.

Water restrictions involve complexrules that govern the use of outdoor
water by urban households. Water restrictions are a relatively inefficient
method of demand management, as they impose inconvenience
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costs,generate allocative efficiency losses and require substantial
enforcement effort.

Currentlyin Australia, urban water pricesare set by regulators. Current
practice involves setting urban water prices to match estimates of
long-runmarginal cost (LRMC). Afixed LRMC price does notrespondto
changesinscarcity levels and willbe lower than optimal when storage
levelsare low, necessitatinga rationing of demand through alternative
measures such as water restrictions.

Inthisreport,scarcity pricingis proposed asanalternative to water
restrictions. A scarcity price system would involve adopting a variable
price that responds to changesin water scarcity where, for example,

the price varies inversely with storage levels. In July the National Water
Commission (2008) released a position statement recommending that
scarcity pricing receive further considerationasanalternative approach
tourbanwater demand management.

Scarcity pricingis a potentiality more efficient demand management
tool thanwater restrictions. With any scarcity pricing systemit would
be necessary to ensure that any equity considerations were adequately
addressed, such as the need to ensure essential water supply remains
affordable forall households. One way to achieve this could be to adopt
atwo-block price scheme, where alow (or zero) constant price would
apply to the first block of consumptionandavariable scarcity price
would apply to consumption above this level.

Scarcity pricing couldalso assist in supply augmentation decisions.
Historically, urban water utilities have made relatively arbitrary
judgments on the timing of supply augmentation, ofteninvolving

the targeting of an ‘acceptable level’ of reliability as measured by the
expected duration of water restrictions. Scarcity pricing would provide
amoreaccurate measure of society’s willingness to pay for urban water,
which could be directly compared with the costs of supply augmentation.

Issues in implementing scarcity pricing

Thereareanumber of practical considerations associated with adopting
ascarcity pricing systemthat would need to be addressed. For example,
there would beaneedto maintain some form of regulatory effort to
prevent abuse of monopoly power by urban water utilities. There may also
beaneedtoimprove current water metering practices and technologies.

Urban water utilities may also face an information problem when
administratively setting prices. For example, utilities have incomplete
information on the distribution of future inflows and the community’s
willingness to pay for urban water. However, this information problem
isnot necessarily more burdensome than that faced undera system of
water restrictions. Further, the use of scarcity pricing may, over time,
reveal more information, particularly on consumers’ willingness to pay.
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Oneapproachtosetting scarcity prices would be to adopta system of
price stages similar to that used for water restrictions. Anumber of price
stages could be defined, with each stage aiming to achieve a specific
reductioninwater consumptionand havinganassociated trigger point.

Modelling urban water policy under climate
variability

One of the main difficulties in designing urban water policy, particularly
in Australia, is the extreme variability of rainfalland daminflows. This
report considers the design of optimal demand management and supply
augmentation policies under climate variability, by constructingand
applyingastochastic dynamic model of an urban water market. This
modelis used to demonstrate howascarcity pricing system would
operateand to evaluate the basic factors governing the optimal timing
of supplyaugmentationinvestment.

Astochastic dynamic programming model of an urban water market
was constructed using data on urban water supply and demand in the
Australian Capital Territory. The model estimates optimal price and
investment policy functions, given a theoretical probability distribution
over future dam inflows.

The model results demonstrate how a scarcity pricing system would
operate, with the optimal price inversely related to storage levels,
increasingin time with demand growth and decreasing with the
introduction of supply augmentation. The model was also used to
demonstrate howascarcity pricing system could be implemented
underasystem of price stages similar to the current system of water
restrictions.

The nature of optimal investment policy, involving the execution of
investments once storage levels decline below specific storage trigger
points,was also examined. Substantial differences were observed
betweenthe estimated optimal investment rules of rain-dependentand
rain-independentaugmentation options. The higher costs and the certain
inflows associated with rain-independent augmentation may mean

that water utilities are likely toadoptan opportunisticapproach: where
investment is delayed until substantial decline in storage levels occurs.

Conclusions

Urban water restrictions impose significant costs on consumersin the
form of allocative efficiency costs and inconvenience costs. Scarcity
pricingisanalternative to water restrictions which could potentially
avoid many of the costs of water restrictions. This report provides
adetailed qualitative discussion of the various benefitsand costs of
adoptingscarcity pricing.
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* Themainfocus of thisreport has been to consider howascarcity pricing
system could potentially operate. This has involved economic modelling
todemonstrate howan urban water scarcity price would typically vary,
given aspecific set of assumptions, overtime and in response to changes
instorage levels. Thisalsoinvolved consideringarange of practical
implementationissues,including the possibility that scarcity pricing
could beimplemented usinga system of stages similar to that used for
water restrictions.

* Continualdemand growth, increasing supply augmentation costs and
potential climate change impactsare drivingalong-term trend toward
increased urbanwater scarcity in Australia. Given this reality, policy-
makers should be considering ways to improve the efficiency of demand
managementand supply augmentation policies. Scarcity pricingis one
approachthat warrants further consideration.



1 Introduction

Recentdrought conditionsacross Australia have significantly depleted
urban water storagesand have resulted in severe water restrictions being
implemented in most capital cities. While the recent drought has been
abnormally severe, current urban water shortages are indicative of a
broaderlong-termtrend of increasing urban water scarcity in Australia. This
trend has been driven byagraduallong-term decline in mean inflows into
storages, increasing demand because of population growth and minimal
additions to supply capacity.

Giventheincreasingscarcity of urban water and the potential for climate
change tofurther reduce water availability and increase variability, there is
increased pressure on urban water utilities to implement efficient demand
management policies and to make optimal supply augmentation decisions.
Currently,urban water demand management predominantly involves the
imposition of water restrictions to ration water during times of scarcity. In
this paper, scarcity pricingis proposed as an alternative to the use of water
restrictions.

Scarcity pricing of urban water has received significant research attentionin
recenttimes,see forexample: The Productivity commission (2008), Grafton
and Kompas (2007), Sibley (2006) and Frontier Economics (2008). In July
the National Water Commission (2008) released a position statement
recommending that scarcity pricing receive further considerationasan
alternative approach to urban water demand management.

One of the main difficulties in designing urban water policy, particularly
in Australia, is the extreme variability of rainfalland daminflows. This
report considers the design of optimal demand management and supply
augmentation policies under climate variability, by constructingand
applyingastochastic dynamic programming model of an urban water
market. This modelis used to demonstrate howascarcity pricing system
would operate and to evaluate the basic factors governing the optimal
timing of supply augmentationinvestment.

Backgroundinformation on the demandand supply of urbanwaterin
Australiais outlinedin chapter 2. Current Australian urban water policy
and the potential for reformare outlined in chapter 3. Anillustrative model
ofanurban water marketis described in chapter 4 andadiscussion of the
modelling results is contained in chapter 5. Conclusions are outlinedin
chapteré.



2 Urban water in Australia

Demand for urban water

Householdersare the primary consumers of urban water. The Water

Services Association of Australia (2005) estimates households accounted for
approximately 62 per cent of total urban water use in2000-01. Figure a displays
urbanwater consumptioninthe ACT since 1960. ACT water consumption
displayed strong growth duringthe 1960sand1970s before peakingin the early
1990s. Urban water consumptionis highly seasonal, with demand highestin
summerand lowestinwinter.

Quarterly ACT water consumption
winter1960 towinter 2007
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Econometric studies have used a range of variables to explain observed
variationin urban water demand over time and across households.
Common explanatory variables include population, income levels, water
use efficiency, housing characteristics, water prices and weather conditions
suchastemperatureand evaporation (Dalhuisen et al.2003; Hoffman,
Worthingtonand Higgs 2006). The responsiveness of urban water demand
to changesin price has been the focus of a substantive volume of economic
literature. While estimates of price responsiveness vary substantially,a
number of recent Australian studies have found that demand is relatively
responsive to changesin price (see box1).
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box1  The price elasticity of urban water demand

The responsiveness of demand to changes in price can be measured
interms of price elasticity. The price elasticity of demand refers to the
percentage change in the quantity demanded of agoodinresponsetoa
given percentage change in price. Econometric techniquesare commonly
used to estimate price elasticities based on historical data on quantities
and prices. Alarge number of econometric studies have attempted to
estimate the price elasticity of urban water demand both in Australiaand
overseas. Awide range of elasticity values has been estimated, generally
from o to -1, where an elasticity of -1 means thata 1o per centincreasein
priceresultsinaio per centreductionindemand. As noted by the Produc-
tivity Commission (2008),alarge amount of the variationamong different
studies can be explained by differences in study methodologies.

Dalhuisenetal. (2003) presentacomprehensive meta-analysis of 64 US
econometric studies, estimatinga mean price elasticity of -0.41. A study
by Grahamand Scott (1997) estimated the price elasticity of residential
water demand inthe ACT region to be inthe range of -0.15t0 -0.39.
Graftonand Kompas (2007) estimated the price elasticity for urban water
in Sydney tobe -0.35. Hoffman et Al. (2006) conducted a panel data study
(dataacross multiple regions and over time) of urban water demandin
Brisbane and estimated a contemporaneous price elasticity of between
-0.67and -o.55. Another panel data study, by Xayavongetal. (2008) for
Perth, estimatedanindoor elasticity of between-0.70and -0.94,and an
outdoorelasticity of between-130and -1.45.

Supply of urban water

In Australiathe majority of water supplied to urban consumers is captured
inlarge surface water storages, which are reliant on catchment rainfalland
runoff. Australian urban water storages are large by international standards
asaresult of therelatively high variability of rainfall. Figure b shows

storage inflowsand demandinthe ACT since 1960; inflows display extreme
variability relative to demand.

Figure cdisplays ACT total storage capacity andactual storage volumes
since the 1960s. Increases in storage represent the construction of new
dams. Traditionally, growth in Australian water demand has been met by the
periodic construction of new dams. Until recently, much of urban Australia
had received very little in the way of new water supply infrastructure for
several decades. Currently, substantialinvestment in supply augmentation
isoccurringin most capital cities.

In most capital cities, a lack of suitable sites and concern overadverse
environmentalimpacts has reduced the attractiveness of investmentin
new dams. The potential for climate change to resultinareductioninfuture



Urbanwater management abare.govau 087

1960 t0 2006

b Quarterly ACT water storage inflows and consumption
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rainfalland runoff has raised further concern over the effectiveness of
new dams. Two of the main alternatives to new dam construction are water
recyclingand desalination. Both of these alternatives have the capacity to
provide astable source of waterinsulated from rainfall variability (at least
partially ). However, both options involve substantially higher capitaland
operating costs.

C Monthly ACT total storage capacity and actual storage level
196002006

250

S— L
| )

100 Wl‘l VR4,
50 /'{
GL, | \

f I I ) ) T T f f
1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002

—— dam capacity
—— damvolume

Source: Actew, personal communication,2006.

*  Waterrecyclingmay have some limited exposure to rainfall variability,as waste water is
supplementedby stormwaterinflowsand infiltration.
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Although not the focus of this report,another option for sourcing urban
wateristoacquire it through trade with rural water holders. This depends,
of course, onthe existence of a physical connection between ruraland
urbanwater systems, which in some cities would require investment in pipe
and pumpinginfrastructure. CSIRO and the Centre of Policy Studies (2006)
demonstrated the potential economic gains of urban rural water tradein
Australia using general equilibrium modelling. The potential for urbanrural
water trade using options contracts is considered by Page and Hafi (2007).



3 Urban water policy

Urban wateris typically provided by amonopoly supplier. An unregulated
monopoly supplier of urban water would have anincentive toincrease
prices to excessive levels, resultinginan inefficient allocation of water. In
Australia, urban water s typically supplied by government owned and/or
operated organisations, subject toindependent regulation including price
control.

Inthis reportitisassumed that the combination of government ownership
andregulation effectively ensures monopoly water utilities act in the public
interest. Competitionin the provision of urban wateris not considered in
thisreport. Foradiscussion of the potential for competition in urban water
provision, see Productivity Commission (2008).

In pursuing the publicinterest, the urban water utility seeks to maximise
the net benefits of water use inthe long run, subject to water availability
constraints. Inachieving this objective, the water utility has two main
policytools:demand management and supply augmentation. Demand
managementisatermusedto encompass a range of polices designed
torestrict or reduce water use in times of scarcity. Given the regulatory
control over urban water prices, water utilities rely onarange of alternative
policies to ration demand. These policies can include water restrictions,
awareness campaigns and incentives for improvements in water use
efficiency. Supply augmentation policy is concerned with the nature and
timing of additions to water supply infrastructure. In thisreport the focus
is specifically oninfrastructure that generates additional water inflows and
storage capacity suchas new dams or desalination plants.

Demand management

Itis usefulto consider demand management policy over shortand long-run
time frames. Inthe shortrun,when supplyinfrastructure s fixed, the water
utilities’ primary response to low inflow (drought) conditions is to limit
water use through demand management measures (for example, water
restrictions). Such short-term rationing of demand may be optimalinan
intertemporal context — that s, if we use less water today we will have more
water for future periods.

Inthelongrun,supplyinfrastructure can be altered and demand
management policyand supply augmentation policy are simultaneously

10
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determined. Thisinvolves atrade-off betweenthe consumer benefits
associated with non-essential water consumption and the costs of supply
augmentation. In Australia, urban water utilities accept that ‘gold plating’
supplyinfrastructure (sothatalldemand for urban water canbe metat
alltimes) would be unnecessarily costly. The optimal long-run demand
management policy (for example, the long-run mean frequency of
restrictions or the mean price level) will maintain the ideal balance between
the benefits of non-essential water consumption and the costs of supply
augmentation.

Water restrictions

Water restrictionsare currently the main mode of short-run demand
management employed by Australian water utilities. Water restrictions
involve rules that regulate the outdoor use of urban water. Water
restrictions do notimpose pure quantity-based limits on water
consumption; rather they involve acombination of complete bans on
certain water usesand limitations on others.

Theless severe stages of water restrictions rely largely on the imposition of
inconvenience costs to discourage consumption. For example, restrictions
may involve limits on the hours of the day or days of the month in which
watering can occur and/or bans on the use of sprinkler systems. Some
households may be willingto workaround these restrictions, while for
otherstheinconvenience of having to hand water atirregular hours will
presentamajor barrier to outside water use”.Ineconomic terms, these
types of restrictions can be represented asatransaction costimposed on
consumers. Froman economic welfare perspective,ascarcity price yielding
the same reduction in consumption would be preferable,as it would
involve atransfer of rent to the utility/government rather thanimposing
irrecoverable time andinconvenience costs. A scarcity price would,
however, resultin some distributional changes. For example, it would tend
to benefit consumers who valued their time more highly.

Water restrictionsintheir more severe formsinvolve complete bans on
outdoorwater uses. Where the willingness to pay for water variesacross
individuals, prescriptive rationing will resultin an inefficient allocation of
resources where water is not necessarily directed to its most valued uses.
In contrast, price-based rationing ensures that water useis directed to its
highest value usesand that the marginal value of water use is equalised
across households and across different water uses within households.

Water restrictions further distort market outcomes by targeting different
water uses to varying degrees while providing implicit and explicit
exemptions for other uses. This effectively imposesarbitrary judgments
onthe social desirability of certain water uses which override private

* Mclintyreetal. (2003) note thatthe Australian Capital Territory Government has received
complaints fromelderly customers regardingthe physical effects of hand watering during
earlymorningor late eveningtimes, particularly during winter.

11
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valuations (Edwards 2006). For example, water restrictions are limited to
outdoor residential water use (for reasons of enforcement) and do not
directly limitindoor residential water use and industrial water use.

Inadditionto the transaction costsand the allocative efficiency costs, water
restrictions involve substantialimplementation costs, such as the costs of
advertisingand enforcement. Quantifying the various costs associated with
water restrictionsisacomplextaskand one whichis notattemptedin this
report. Anumber of studies have been undertaken to estimate the costs

of restrictions using varying techniques, including Hensher et al. (2006),
Brennan et al. (2007) and Graftonand Ward (2007).

Other demand management measures

Water utilities also employ arange of other non-price-based polices
aimedat reducing the long-term consumption of urban water, including
advertising campaigns and subsidies for water saving equipment.
Advertising campaigns typically involve advertisingacross various mediums
promoting water conservationand providingadvice on how toimprove
water use efficiency. Such campaigns can be costly while their actualimpact
onwater consumption is difficult to measure.

Government subsidiesare also commonly offered forarange of water-
saving products,including residential rainwater tanks. One of the problems
with government subsidies for water-saving devices is that they may induce
over-investment in products which are of little benefitin some cases. For
example, most states in Australia offer broad subsidies for rainwater tanks;
however, the relative effectiveness of rainwater tanks varies significantly
acrossregionsand across households within regions.

Ideally, water conservation effortsandinvestmentsin water use efficiency
should be motivated by water prices which accurately reflect scarcity.
Underthese conditions, subsides or publicly funded advertising campaigns
would not be required.

Current pricing regime

In Australiaurban water pricingis regulated by state and territory
governmentagencies. These agencies make price determinations
specifying water charges over three to five year time frames. Inthe absence
of scarcity or capacity constraints, an efficient allocation of water can be
achieved witha price set to the short-run marginal cost (SRMC) of supply.
Here the SRMC refers exclusively to the direct marginal costs associated
with transferring water from storages to households for consumption, such
as the costs of water pumpingand treatment.

12
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Inthe presence of demand growth, scarcity and capacity constraints
become inevitable inthe longrun. Australian water utility price regulators
generallyadvocate some form of long-run marginal cost (LRMC) pricing.
For more details on the various definitions and methods of estimating
LRMC see Sibley (2006) or Productivity Commission (2008). A fixed LRMC
price does not explicitly consider the variability of daminflows and the
potential for short-runfluctuationsin storage levels. Asaresult,afixed
LRMC price will typically be too low duringa drought (necessitating the
implementation of restrictions) and too high when storagesare full.

Australian water utilities generally impose a two-part tariff involving a
marginal (consumption based) price and aresidual fixed access charge
designedtoachieve costrecovery.Forexample,inthe ACT in2007-08
afixedannual supply charge of $75applied for each parcel of land. In this
paper we focus the marginal price of water rather thanthe average price.
Theimpact of different price and investment polices on revenue and cost
recovery isnot consideredin detail inthis paper.

Inthe ACT,as in most capital cities,aninclining block pricing scheme applies
to urban water consumption. In 2007-08 a three-block pricing structure
applied,involvinga price of $o.75akilolitre for the first 100 kilolitres,

$1.67 between 100 and 300 kilolitres and $2.57 for consumption over 300
kilolitres. Inclining block pricing schemes are economically inefficient
relative to asingle uniform price (Edwards 2006; Brennan 2006).

Scarcity pricing

The scarcity priceis the price which represents the full opportunity cost
of urbanwater:the SRMC plus the opportunity cost of forgone storage.
Water instorage hasan opportunity cost since areduction instorage
levels canresultinareductionin the expected reliability of future supply
andabringing forward of expected future supply augmentation. This price
willbe state-dependent, meaning it will vary depending on the prevailing
conditions. For example,ascarcity price would vary inversely with storage
levels. Put simply, when water is scarce the price of wateris higher;as water
storages fill (water becomesless scarce), price falls. A scarcity pricing
systemrepresents an alternative approach to demand management policy,
which could potentially avoid many of the efficiency costs associated with
water restrictions.

The adoption of scarcity pricing of urban water is sometimes opposed
onthe grounds of equity. However, equity concerns can be adequately
addressed through any number of policy measures. For example, this could
involve targeted subsidies to low-income households. Additionally,a two-
block price scheme could be adopted to ensure essential water is provided
atalltimesatan affordable cost toall households.
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Underatwo-block price scheme alow (or zero) constant price would apply
tothefirst block of consumption to cover essential water needs, while
avariable scarcity price would apply to consumption above this level. A
two-block price scheme would involve some loss of efficiency, but it would
representasubstantialimprovement overathree-block system (suchas that
imposed inthe ACT) (Edwards 2006). Ideally, the threshold between the
two pricing blocks would ensure all non-essential water demand would be
exposedtothe scarcity price.In practice, setting the threshold point would
involve atrade-off between equity and efficiency objectives. Efficiency costs
could be minimised furtherif the threshold took into account differences
across households such asthe number of occupants per dwelling.

Itisalsoworth noting urbanwater charges representarelatively small
proportion of household expenditure. ABS (2006) statistics show water
and sewerage charges represent only 0.7 per cent of average weekly
household expenditure in Australia,and the Organisation for Economic
Cooperationand Development (1999) has demonstrated that Australia
has relatively affordable water chargesin comparison with other OECD
countries. Finally,as noted by the Productivity Commission (2008), water
restrictionsare not devoid of their own equity concerns.

Analternative to scarcity pricing of urban water would be a system of
tradable water entitlements. However, such a system would be subject to
substantialadministration costsand transaction costs. Thisapproachis not
consideredinthisreport.

Practical considerations

Anumber of important practical considerations need to be considered
before ascarcity-based pricing system could be implemented. Firstly,a
scarcity pricing system would require arelaxation of current water price
regulation. Regulators could,however, continue to monitor total water
utility revenue and profitsin order to avoid misuse of monopoly power.
Ideally,aregulator would influence the setting of the annual access charge
orthe price applyingto the initial consumption block while allowing the
scarcity price to be setappropriately by the water utility. The regulator may,
forexample, reduce annualaccess charges to offset the impact of increases
invariable charges.

Scarcity pricing could potentially be implemented using a system of stages
similar tothat used for water restrictions (see table 1). Anumber of price
stages could be defined, each corresponding to a different level of scarcity.
Aswithrestrictions, each stage would aim to achieve a specific reduction
inwater consumptionand have an associated trigger point. The water
utility could simply replace each stage of restrictions with a scarcity price,
based onits estimate of what price willachieve an equivalent reductionin
consumption.

14
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Inreality, the water utility may not have fullinformation on the exact
distribution of future inflows, the long-run growth rate of demandand the
price elasticity of the demand for water. This means setting optimal prices
would notbeasimpletask.Itisimportantto realise, however, that this
information problem is not necessarily more burdensome than that faced
underasystem of water restrictions. Water utilities require much the same
information to optimally set water restriction quantity targets and storage
trigger levels. Further, the use of scarcity pricing may over time reveal more
information, particularly on consumers’ willingness to pay.

One way to approach the problem of setting pricesisto recastitinterms
of optimal quantities. Water utilities are quite experienced in determining
the optimal quantity of water consumption given available information on
demandandsupply. Determininga price that achieves this quantity is not
necessarilyamore difficult problem than developingallist of restrictions
thatachievesthe same result. One of the additional advantages of scarcity
pricingis that there is more flexibility regarding the number of scarcity
stages chosen. With water restrictions, defining distinct stages of varying
severityis difficult given that each stage involves numerous rules referring
todifferent water use activities. The adoption of ascarcity pricing system
would notincrease therisk faced by urban water consumers; it would
merely replace existing restriction risk with price risk.

With scarcity pricing, it would become necessary to accurately measure
household water consumption occurring within each billing period, which

is currently quarterly. Actew has noted (personal communication, David
Graham,15May 2007) itis currently not possibleto readallmetersonthe same
day,so meter reading cannot occur onthe last day of the billing cycle for each
household. One way to overcome this problem would be toinvestin new smart
meteringtechnology. The ACT Government recentlyendorseda pilot smart
metering project (Actew 2007). Any scarcity pricing systemwould also require
allhouseholds to be made aware of any changesin price as they occur. This may
require someform of advertising,as with water restrictionsat present.

Scarcity pricing may not be practicalinan extreme water scarcity situation,
where it may be necessary to reduce water consumption to essential levels.
Particularly where atwo-block pricing scheme is adopted, it may simply
not be possible to limit all non-essential water consumption for all users. It

‘I ACT water restriction storage level triggers and target
annual reductions in water consumption

stage1  stage2  stage3  stage4  stages

% % % % %
Storage volume trigger 55 45 40 35 30
Targetannual reduction 15 25 40 55 60

Source: Actew (2004).
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may be necessaryinsuchanemergency situation to revertto prescriptive
restrictions. It may therefore be advisable to retain water restrictionsin
someformasabackup option,to be used only in worst case situations.

Supply augmentation

Thisreportfocuses specifically on the timing of supply augmentation
investment under climate variability and not on making comparisons
between specific supply projects. Decisions between alternative supply
augmentation projects should be guided by comprehensive cost-benefit
analysesthat take into account financial, socialand environmental
considerations.

Investment in urban water supply infrastructureis often described as
‘lumpy’,inthatitinvolveslarge,infrequent additions to capacity rather than
incremental growth. The optimal timing of supply augmentation projects
involvesa comparison of the expected net benefits of investing now with
the expected net benefits of delayinginvestment. Such decisions are
complicated by the substantial variability in the demand for water and, more
importantly,inrainfallandinflows.

Demand management policy and supply augmentation policy are
interdependent:asupply augmentation project generating additional
inflows willimprove the reliability of supply, allowing urban water utilities
toreduce the long-run mean frequency of restrictions (or the mean water
price). Supplyaugmentation willalso resultinareductionin the probability
ofashortfall of essential water. Urban water utilities typically maintain
supplyinfrastructure soasto ensure that the probability of suchasystem
failureis nearzero.

The timing of supply augmentationinvolves trading off the benefits of
supply reliability with the costs of augmentation: investing earlier will
improve reliability butincrease augmentation costs in present value
terms. Industry practice has historically involved the targeting of an
‘acceptablelevel’ of reliability, measured as the expected time households
aresubjecttorestrictions. Inthe past, water utilities have made relatively
arbitraryjudgments onthisacceptable level of restrictions and have
placed little emphasis on consumers’ preferences (Hensher, Shore and
Train 2006) . One of the reasons for this is the benefits of increased
water supply reliability depend on the community’s willingness to pay.
Estimating this willingness to pay is difficult without a price mechanism that
reflects scarcity. Scarcity pricing may assist water utilities to make supply
augmentation decisions, as it would provide amore accurate measure

of society’s willingness to pay for urban water, which could be directly
compared with the costs of supply augmentation.

* Inrecentyears,though, ACTEW hasincorporatedinits modelling estimates of
willingness to pay derived from stated choice experiments (Hensher etal.2006).
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Environmental flows

Anadditionalaspect of urban water policy not considered in detail in this
reportis that of environmental flows. Environmental flows are releases
from storages back into streams with the aim of maintaining the ecology of
thelocalriver systems. The ACT government (2006) maintains guidelines
outlining specific minimum environmental flow requirements from each
ACT water storage. Provisions are made that permit the reduction of
environmental flows during droughts when urban water supplies are
threatened.

Thereisaclear trade-off between releasing water to meet environmental
objectives and maintaining storage levels to secure urban water supply. In
times of drought, water has a substantial scarcity value which may exceed
the benefits of environmental flows. Environmental flows in rural water
systems have been the subject of previous ABARE research (Beare etal.
2006; Heaney and Hafi2005).



4The model

This chapter contains a brief description an economic model of urban water
supply and demand. A more detailed discussion of the model is containedin
appendix A.

The modelisasingle region model of the water market inan urban centre.
The modelisastochastic dynamic programming model, which estimates
the optimal pricingand investment policies of the water utility.

The model is based onthe ACT regionand incorporates dataonthe
demandand supply of urban water inthe region, provided by the Actew
Corporation. Anattempt has been made to incorporate a degree of realism
into the model. However,anumber of simplifyingassumptions are made,
particularly onthe supply side of the model, in order to keep the level

of hydrological and engineering detail to a minimum. The model is not
designedtoforecast or estimate thelikely impacts of achangein urban
water policyinthe ACT. For example, the model is not designed to compare
social welfare underasystem of restrictions with that underasystem of
scarcity pricing. Rather,the modelhas been constructed to demonstrate a
number of general economic concepts related to urban water pricingand
investment decisionsin the presence of climate variability.

Figure d summarises the main features of the model. The model

estimates the price and investment policy rules that maximise the
expected discounted value of economic welfare over a predetermined
time horizon. Inthis instance, economic welfare refers primarily to the
expected discounted sum of consumer surplus from non-essential water
consumption less the costs of supply augmentation, less penaltiesimposed
foranyinability to meet essential demand. The model comprises two main
components, one specifying the evolution of water demand and the other
specifying water supply.

The demand componentinvolvesanaggregate urban water consumption
function whichaccounts for long-term growth of demand, seasonal
variation, response to stochastic climate variability and response to price
changes. The seasonal variation of demand and the response of demand
to climate variability are estimated econometrically. Inflows were used asa
proxy for prevailing weather conditions (such as rainfalland temperature),
as thisallows the model to have asingle source of risk. Demand is separated
intoanon-essential or price-responsive portionand an essential portion
unresponsive to price. A constant elasticity relationship is assumed to exist
between urbanwater demand and price,settoavalue of -0.45basedona
searchof the literature.
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The supply component of the modelassumes asingle water storage with
stochastic seasonalinflows. Asingle storage model canbeinterpretedas
anapproximation of a multiple reservoir system. Seasonal inflow probability
distributions were estimated using historical ACT data. The supply side of
the modelalsoaccounts for evaporation from storages and environmental
flow

d Conceptual diagram of the Urban Water Model

Urban water
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The supply side of the modelalso accounts for the impact of supply
augmentation on total water storage capacity andinflow levels. The
modelallows fortwo forms of supply augmentation: rain-dependent
(representative of new dams) and rainindependent (representative of
desalination orrecycling). Rain-dependent augmentation is modelled as
providingadditional storage capacity and additional stochastic inflows.
Rain-independentaugmentation is modelled as providingadditional certain
inflows but noadditional storage capacity.

Finallyitis assumed that the SRMC of water supply is constant over time and
isindependent of the level of water consumption and the level of supply
augmentation. An arbitrary value of $1 per kilolitre (kL) isassumed for the
SRMC.



5 Results

Itisimportant to note the quantitative results generated by the model
(suchastherealised price levels and the timing of supply augmentation) are
afunction of modelassumptionsandare notintended to be interpreted
inany way as predictions or forecasts. A sensitivity analysis contained in
appendix B demonstrates how the results change when certain parameter
assumptionsare altered.

Two scenarios are evaluated with the model:arain-dependent
augmentation scenario and arain-independent augmentation scenario. This
approach was necessary because of the ‘curse of dimensionality’ problem,
whichmeant the inclusion of multiple investment projects would make the
problem unfeasibly large. These scenariosare intended to be illustrative and
are not meant to represent forecasts of specific ACT circumstances. The
modeltime scaleis seasonal (quarterly) and each scenariois run overan
arbitrary 25-year time horizon, notionally the period 2000 to 2025.

Scenariosinvolvingasingle augmentation option will tend to overstate the
extent of water scarcity relative to the case of multiple investment projects.
Thisis because anadditionalinvestment project providesan option

value benefitthatisrealised evenif the projectis not executed within the
relevanttime frame. For example,a water utility may adopt a more relaxed
pricing policy if (following construction of a dam) it maintains an option to
constructadesalination plantinthe eventitis required.

Rain-dependent scenario

This scenario assumes anaugmentation project representative of anew
damas defined by the parameters set outintable 2.

The estimated price policy function specifies the optimal price given the time
period,the prevailingstorage leveland the state of supply augmentation (that
is,preaugmentation, duringaugmentation, or postaugmentation). Figure e
showsthe estimated pre augmentation price policy functionforanarbitrary
time period (2015). As expected, the price policy function demonstratesa
clearinverserelationship between price and the storage level.

Asthestorage levelapproaches 100 per cent,the price approaches, but

does not necessarily reach, the SRMC. The optimal price is seasonal: higher
insummerand lower inwinter. At low storage levels price increases sharply
tothe maximum price level. The maximum price is that where non-essential
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Capital cost $100 million
Ongoing cost $1.5 millionayear
Proportionalincrease
in mean inflow 0.20
Additional storage capacity 70000 ML
Lead time 2years
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e Price policy function, pre-augmentation
summerand winter 2015
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demandisreducedto zero. This maximum price is dependent on the season,
beinghighestinsummerand lowest in winter. As discussed earlier, it may

not be practical to use scarcity pricingin emergency situations where it is
necessary to reduce consumption to essential levels. These maximum prices
should therefore be interpreted more as shadow prices, representative

of high-level water restrictions. Inany event the probability of such prices
beingrealised inthe modelis extremely low, see for example figure i.

The estimated optimal priceis (foragiven storage level and augmentation
status) increasingintime as aresult of demand growth. The optimal price
isalso (foragiventimeandstoragelevel) lower post the completion of an
augmentation project. Figure f shows the price policy function (pre and
postaugmentation for the time period spring 2015).

f Price policy function, pre and post-augmentation,
rain-dependent scenario, spring 2015
8
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Wheninterpretingfiguref, notethe initial storage capacity of 200 gigalitres increasesto 270 giga-
litres followingaugmentation. The estimated pricesare briefly lower pre augmentation,ataround
200 gigalitres, giventhe higher probability of spills at this storage level.
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Figure g shows the estimated investment policy rule as a function of time
andthe prevailingstorage level. Foreach pointintime the investment

rule definesastorage trigger point:for storage levels below this point
theinvestmentis executed. Over time the storage trigger pointincreases
because of demand growth. Theinvestmentrule also displays strong
seasonality. The storage trigger point peaks in winter when the project (new
dam) will come online, in time for the winter high rainfall seasonintwo years
time. Thisresultis dependent onthe assumption of a fixed (two-year) lead
time, known with certainty. The investment storage trigger point reaches
100 per cent by winter 2009, rendering the remainder of the investment
policyruletrivial.

g Investment policy function
rain-dependent scenario
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Giventhe estimated policy functions, model simulations can be generated
by drawingaseries of inflow observations from the defined probability
distributions. A Monte Carlo analysis can be performed by generating
alarge number of such simulationsand combining the results. Figure h
displays an example of asinlge stochastic simulation. Infigure hthe increase
in storage capacity represents the supply augmentation project (new

dam) comingonline. The timing of investment varies across simulations
dependingonthe realised conditions (the stochastically generated inflows).
The mean year of investmentis 2008. Variability in the timing of investment
forrain-dependentaugmentationis relatively low compared with that of
rain-independent augmentation (discussed in the next section).

Figureishows the mean price leveland 9o per cent confidence interval
estimated by Monte Carloanalysis. The mean price levelis increasing in
time because of demand growth. The growth in the mean price level slows
around the time of supply augmentation. Figure ialso shows how the
variability in price increases with the mean level of scarcity (mean price
level).
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Example stochastic simulation
rain-dependent scenario
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Rain-independent scenario

Therain-independent scenario assumes a rain-independent augmentation
projectasdefined by the parameters set outintable 3.Inthe ACT, water
recyclingis the most practical form of rain-independent supply, given

the distance to the coast. However, it is intended that this scenario be
representative of rain-independent augmentation generally, whether that
berecycling or desalination.
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The estimated pre-augmentation price policy function for the rain-
independent scenario, is essentially identical to that estimated for the rain-
dependent scenario. However, post augmentation the estimated optimal
pricesarelowerinthe rain-independent scenario (see figurej).

Price policy function, rain-independent vs rain-dependent
J post-augmentation, spring 2015
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While the rain-independent option provides asmaller increase in mean
inflows, it results inasubstantial increase in the reliability of inflows. For
agivenstorage level thisincrease in reliability substantially reduces mean
water scarcity. It should be noted that the estimated pricesin figurejdo
notreflect the higher operatingand capital costs of rain-independent
augmentation. In practice, given the need to recover costs, average water
prices may be higher under rain-independent augmentation.

The estimated investment policy functionis shownin figure k. The storage
trigger points remain lower thanin the rain-dependent scenario, peaking
ataround 60 per centatthe end of the simulation period (2025). With
rain-independentaugmentation the investment policy essentially involves
delaying investment until storage levels decline substantially. There are two
reasons for this. Firstly, rain-independent augmentation is more expensive and
therefore thereis more to be gained by delayingits introduction. Secondly,
rain-independentaugmentation provides additional inflows with certainty.
This certainty allows the water utility to delay investment until storage levels
arelow, inthe knowledge the project will provide inflows sufficient to improve
storage levels and ensure the essential water supply is maintained.

Therain-independent augmentation investmentrule also displays adegree
of seasonality. With rain-independent augmentation the storage trigger
point peaksinsummer,whenthe project willcome onlineintime for the
criticalsummer period in exactly two years time.
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k Investment policy function
rain-independent scenario
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Figure | displays asingle-example simulation for the rain-independent
scenario, showing the realised price and storage levelsas wellasthe
augmentation time. Inthe rain-independent scenario simulations,
asubstantialdropinthe price levelis often observed following the
introduction of theaugmentation project.

I Example stochastic simulation
rain-independent scenario
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Figure mshows the cumulative probability distribution over investment
timing for rain-dependentand rain-independent augmentation. Rain-
dependentaugmentation occurs earlier onaverage (2008 compared with
2018) andis lessvariable. The timing of rain-independent augmentation

is highly variable, being strongly dependent onrealised inflow levels. For
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example, there remainsa positive probability that aseries of inflows is
realised which allows the rain-independent augmentation project to

be delayed beyond the simulation period. The results demonstrate the
benefits of delayinginvestmentin rain-independent supply inthe face

of significant inflow risk, consistent with areal-optionsapproachto
irreversibleinvestment under uncertainty. A real-options approach to water
infrastructure investment has previously been advocated by Acil Tasman
(2007). While not modelled here, urban water utilities can use anumber

of alternative measuresto manage risk and delay investment, including
investingin lead time reduction,adopting smaller upgradeable investment
projects (where the risk savings outweigh economies of scale) and pursuing
temporary supply options such as water trade with rural water holders.

m Cumulative probability distribution of investment timing
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Theresultsarealso to some extent consistent with the behaviour of
Australian water utilities in that demand management and other supply
alternatives have generally been pursued prior to rain-independent
augmentation. For example, the NSW Government did at one point have
astated policy that investment in desalination would occur only if storage
levels dropped below 30 per cent (NSW Government 2006). However,

in recent times most capital cities (including Sydney) have subsequently
approvedinvestmentsin rain-independent supply,although this has not
beenwithout controversy (see for example Brennan 2008).

Figure ndisplays the mean price for the rain-independent scenario. In this
scenariothe mean price rises quickly at first, given that augmentation is
occurringlaterthaninthe rain-dependent scenario. The mean price falls
gradually afteryear1y7asthe probability of augmentation increases.
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Mean price level with 9o per cent confidence interval
rain-independent scenario
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Asensitivity analysis overanumber of model parameters was also
conducted (the details are contained in Appendix B). One of the key results
of thisanalysisis that investment in rain-independent supply is highly
marginal,as smallincreasesin the costs (capital or operating) or decreases
inthe benefits (more elastic demand, higher mean inflows, lower penalty for
system failure) resultinalarge reductioninthe probability of investment.

‘Staged’ scarcity pricing

Asdiscussedearlier, scarcity pricing could potentially be implemented usinga
system of stages similar to that used for water restrictions. A staged scarcity
pricing system can be represented in the model by limiting the number of
pointswithin the discrete price policy grid. The model results above are based
onaso-point price grid. To estimate the impact of a staged price system,

the model was runseparately for price grids containing12and 6 points.

These limited price point simulations should not be interpretedas animplicit
representation of water restrictions. Such an interpretation has not been
intended and would be an oversimplification of current water restriction
systems. Areduction inthe number of price pointsyieldsareductionin

mean welfare,as measured by the objective value in the model. However,
thisreductionisrelatively small (-0.4 per cent for the 12-point gridand -1.8
per centforthe 6-point grid). An example of a staged price policy functionis
showninfigure o.

Astaged scarcity pricing system could be implemented under asimilar

framework to that used for water restrictions at present, in terms of the
number of stages, the storage trigger points and the quantity targets (see,
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forexample, table 1). The only real difference is that price is used to achieve
the quantity targets ratherthan water restrictions. A staged scarcity pricing
systemwould be simpler for the utility to implement than a fully flexible
price, significantly reducing the frequency of price changes required.

Limited price grid, price policy function
rain-dependent, spring 2015, pre-augmentation
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6Conc|usion

In Australia the predominant approach to demand managementin urban
water isthe imposition of water restrictions. Water restrictionsare a
relatively limited and inefficient method of rationing demand, imposing
inconvenience costsandallocative efficiency costsandalso involving
significant enforcement costs. In this report scarcity pricingis proposed as
apotentially more efficient demand management tool.

Scarcity pricing would involve the water utility adopting a variable price that
respondedto changesinthelevel of water scarcity, where for example price
would vary inversely with the storage level: when storage levels were lower,
prices would be higher. Scarcity pricing could be implemented under a two-
block price scheme that ensured essential water consumption remained
affordable atalltimes. Scarcity pricing may also assist water utilities to
make supply augmentation decisions, as it would provide amore accurate
measure of society’s willingness to pay for urban water, which could be
directly compared with the costs of supplyaugmentation.

Anumber of practical considerations associated with adopting a scarcity
pricing systemwould need to be addressed. For example, there would
beaneedto maintain some form of regulatory effort to prevent abuse

of monopoly power. There may also be aneed toimprove current water
metering practicesand technologies. One way to implement scarcity
pricing could be to adopt a system of stages similar to that used for water
restrictions. Anumber of price stages could be defined, each corresponding
toadifferentlevel of scarcityand eachaimingto achieve a specific
reductionin water consumptionand having an associated trigger point.

Astochastic dynamic optimisation model of an urban water market was
constructed using dataonurban water supplyand demandin the ACT. The
model estimates optimal price andinvestment policy functions, givena
theoretical probability distribution over future dam inflows. The model
results demonstrated how ascarcity pricing system would operate, with
the optimal priceinversely related to storage levels, increasing in time

with demand growth and decreasing with the introduction of supply
augmentation. The model was also used to demonstrate how a scarcity
pricing system could be implemented under a system of price stages similar
tothe current system of water restrictions. The model resultsillustrated
thatastaged price system would resultinaminimalloss of efficiency
relative toa more flexible price system.
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The nature of optimal investment policy, involving the execution of
investments once storage levels decline below specific storage trigger
points, was also examined. Substantial differences were observed between
the optimalinvestment rules of rain-dependent and rain-independent
augmentation options. The higher costsand the certain inflows associated
withrain-independent augmentation mean water utilities are more likely
toadoptan opportunisticapproach: where investment is delayed until
substantial declinein storage levels occurs.

Continual demand growth, increasing supply augmentation costsand
potential climate change impactsare drivingalong-term trend toward
increased urbanwater scarcity in Australia. Urban water utilities will have
torelyonmore stringent demand management,suchas more frequent
imposition of restrictions or higher prices,and/or substantialinvestment
in costly rain-independent supply options. Given this reality, policy
makers should be considering ways to improve the efficiency of demand
managementand supply augmentation policies. Scarcity pricingis one
approachthat warrants further consideration.
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%AThe model in detail

The modelin context

The urbanwater model is formulated as a stochastic dynamic programming
problem. Dynamic programming techniques have beenappliedtoarange

of waterrelated problems including estimating optimal extractions from
ground water aquifers (Hafi2002) and estimating optimal release rules from
irrigation storages (Brennan 2007). Previous dynamic programming models
of urbanwater pricingand investment include the work of Hirshleifer et al.
(1960) and Riordan (1971a,1971b), although these earlier models focused

on capacity constraints rather than water scarcity as the driver of supply
augmentation. Riordan (1971a) developeda model of optimal water pricing
andinvestment by aregulated monopoly whereby price is set equal to short
run cost plusacapacity charge which keeps demand within existing capacity
constraints. The model makes use of deterministic dynamic programming
techniques to derive the optimal timing of capacity expansion.

Stochastic dynamic programming techniques are often usedin engineering
literature to estimate the optimal release rules for reservoirs given uncer-
tain inflows. The engineeringliterature typically has a stronger focus on
supplysideissues than onissues of demandand pricing. For example Perera
and Codner (1996) use stochastic dynamic programming to estimate

the optimal distribution of stored water across individual dams soas to
maximise supply reliability and minimise dam spillsina multiple reservoir
system.

The demand for urban water

Forthe purposes of this modelasimple aggregate demand function

is constructed, whichaccounts forlong-term growth in urban water
consumption, seasonal variation, response to weather variability (equation 1)
andresponse to price changes (equation 2).

The seasonal variation of demandand the response of demand to weather
variability are estimated econometrically. A simple explanatory equation
for urbanwater consumptionwas estimated based on quarterly ACT data
over the period 1960 to 2000 with explanatory variables, including seasonal
indicators,atime trend, total inflows, and two intervention terms. The
intervention termsaccount fortwo structural breaksin the data:lower
levels of consumptionin the ACT before 1973and after 1992. Inflows were
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4 Demand regression results

dependent variable: log of total water consumption (ML)
explanatory variables estimate standard error
Constant 7.716 0.086
Summer 0.397 0.037
Autumn -0.0332 0.037
Winter -0.371 0.035
Inflow (ML) -2.156E-06 2.85E-07
Time trend 0332 0.025
1973intervention term 0.464 0.047
1992 intervention term -0.184 0.037
Standard error 0.0248

Adjusted R squared 0.91

usedasa proxy for prevailingweather conditions (such as rainfalland
temperature),as this allows the modelto have asingle source of risk.

Inthe model demandis projected over anarbitrary 25-year time horizon,
notionally the period 2000 to 2025. The long-term growth of demand over
time adherestoalogistic functional form. The long-run growth projection
should be consideredanillustrative scenario rather thanaforecast. The
modelled growth rate is, however, broadly in line with the ‘high growth’
scenarios developed by Actew (2004). Equation 1specifies the evolution of
demand for water over time givenafixed short-run marginal cost price.

Equation QEMC: eXp(bcon+b§eas+bfn{/N[}><Mg;%)

Where:

Q[MC =the quantity demanded (ML) when price is equal to marginal cost
IN, =thelevel of inflows at time t (ML)

b =theestimated demand equation constant

b =theestimated seasonality parameters

b =the estimated inflow coefficient

g.8, =long-termgrowthparameters

t =time periods (quarters)

S =seasons (summer, autumn, winter, spring)

A constant elasticity relationship isassumed to exist between urban water
demandand price,settoavalue of -0.45 based onasearch of the literature.
Foreach consumeritisassumed there existsa certain proportion of urban
water consumption whichis essentialand hence unresponsive to price.
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Log normal inflow
distribution parameters

mean
inflows (ML) m S
Summer 27138 9.81 0.89
Autumn 24158 9.51 1.08
Winter 47543 10.48 0.77
Spring 45752 10.61 0.49

Urbanwater management abare.govau 087

The level of essential water demandisassumedto be non-seasonal and is
calculated inthe model asafixed proportion of winter equivalent aggregate
water demand.

Equation 2 specifies the inverse demand function, which defines the
relationship between price and aggregate water consumption.

Equation 2 P, =(Qmc)2Q

Where:

Q, =thefinal quantity of water demanded (ML)
mc =the short-run marginal cost ($/ML)

1/a =theassumeddemand elasticity

The supply of urban water

Forthe supply side of the model itisassumed there isasingle storage with
stochasticinflows. No attempt has been made to incorporate multiple
connected storages, distribution networks or water treatment services.
Inreality the ACT maintains three (soon to be four) major water storages.
Howeverasingle storage model can be interpreted asanapproximation
of amultiplereservoir system.Pereraand Codner (1988) demonstrate the
use of asingle storage modelasaway of limiting the complexity of multiple
storages and minimising the curse of dimensionality probleminherentin
stochastic dynamic programming models.

Seasonal inflow probability distributions were estimated using historical
inflow datafor the ACT. When estimating inflow distributions the sample
was limited tothe period 1980 to 2006 inan attempt to represent the lower
meaninflows occurringinrecent decades. Lognormal distributions were
fitted usingmaximum likelihood estimators. The estimated parametersare
shownintables.

The supply side of the modelalsoaccounts for evaporation from storages
andenvironmental flows. Inthe interests of simplicity it isassumed that
evaporation from storagesadheres toasimple seasonalaverage and that
environmental flows are a fixed proportion of total inflows, both based
on historical data. The water storage level evolves over time according to
equation 3.

Equation3 S=S, +TotIN-E-Q,
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Where:

S, =thestoragelevel

Totln.  =totalinflows (dependent on supply augmentation)

E, =total storagelosses (dependent on supply augmentation)
K. =total storage capacity (dependent on supply augmentation)
S =storage minimum feasible level

The model allows for two forms of supply augmentation investment,
rain-dependentandrain-independent. Rain-independent augmentation is
assumed to generate afixed increase ininflowsand noincrease in storage
capacity. Rain-independent augmentation is meant to broadly represent
either desalination or water recycling. Rain-dependent augmentation
represents construction of damsandisassumed to generate additional
storage capacity and additional stochastic inflows. In the model rain-
dependentaugmentationimplicitlyassumes that a new dam generates
additional inflows by capturing water from a stream/catchment that was
previously not captured. Thisisagainasimplifyingassumption:inan
interregional context new dams (and even extensions to existing dams) may
involve capturing water that would otherwise be captured (at least partially)
by other dams or water users downstream.

Forsimplicity the model assumesasingle storage, to maintain this
assumption rain dependentaugmentation (i.e.anew dam) is modelled as
anincrease in storage capacityand inflows into the representative single
storage. As noted above a single storage model can be interpretedasan
approximate representation of amultiple storage system. For simplicity it
isalsoassumed that new daminflows are perfectly correlated with existing
inflows. Equations 4and 5 specify the relationship between inflows, storage
capacity and supplyaugmentation investment.

/
Equation 4 TotIN, = Q-ef) IN+AI . (F IND+AIL ., nrin,
|
Equations K=k +A(_, ik)
Where:
I =1forallt>Twhere Tisthe time of execution for investment / (and
ootherwise)
ef =the proportion of inflows released to the environment
nrin, =fixed non rain-dependentinflows of investment/ (ML)
f =proportionalincrease in rain-dependent inflow for investment i
ik =additional storage capacity of investmentj (ML)
LT, =lead time (construction period) of investment i (quarters)
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Each optionalso hasacapital expenditure cost,anannual running cost
andaleadtime or construction period. The capital costis spread equally
over the construction period while the ongoing running costs are incurred
every season following the construction period. Itisassumed that each
augmentation optionis operated permanently at full capacity such that
inflows are always generated and costs alwaysincurred. Itisassumed that
the SRMC of water supply is constant over time and is independent of
thelevel of water consumptionandthe level of supply augmentation. An
arbitrary value of $1 perkilolitre (kL) is assumed for the SRMC.

Solving the model

The objective function of the model is the expected discounted sum
of market (consumerand producer) surplus less the cost of any new
investmentand lessa penalty imposed foraninability to meet essential
water demand, see equations 6and 7.

Equation 6 E|AD WS (Q, QT")-TC-PENALTY))
Q
Equation 7 MS(Q.Q")=UQ} me™ *Q;*dQ,(@Q,- Qfme
Qr
Where:
MS, =the market surplus (consumer and producer)
Qmn =thelevel of essential water demandattime t
TC, =thetotal cost (capitaland/or ongoing costs) of augmentation

investmentattimet
PENALTY, =penaltyimposedinthe event essential water is unable to be met

b =isthe discount factor

The costsassociated with afailure to supply essential water are difficult to
estimate in practice and may include costsimposed on consumersas wellas
the costs of implementing contingency water supply options. The approach
takenin thisstudyistosetapenalty terminthe objective functiontoa
sufficiently high level to ensure the probability of ashortage of essential water
is near zero. This would be consistent with the behaviour of water utilities that
appear unwillingto acceptany significant probability of suchan event.

The modelisformulatedasadiscrete time, finite time horizon, stochastic
dynamic programming problem. The problem has two state variables —the
storage leveland the level of supply infrastructure (owingto previous supply
augmentation) —and two policy or control variables, price and supply
augmentation investment. The problem s specified in the standard Bellman
(1957) equation formwith the continuos variables evaluated overadiscrete
grid. Given the discrete state and policy space and the finite time horizon

the model can be solved using backwards induction. The modelis evaluated
overalength of time greater than the 25-year simulation period to estimate a

terminal value: the value functionat the end of the last time period.
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appendix

Thisappendix displays results of a sensitivity analysis of key model

BSensitivity analysis

parameters. Sensitivity analyses were performed for four parameters:
augmentation capital cost ¢,demand price responsiveness (&), net inflows

(environmental flows — ef)) and the penalty for failure to meet essential
demand (PENALTY).Each sensitivity analysis involves solving the model

and running Monte Carlo simulations for each of a range of parameter
values, bracketingthe base case value. The results of these simulations are
summarised by calculating the mean (over the entire simulation period) of
keyvariables suchas:the price, the timing of investment and the volume of
water consumption. The mean discounted value of the objective functionis

alsoreported.

Capital cost

Results of a sensitivity analysis on augmentation capital cost are shown

intable 6andtable 7.Increasing the capital cost of augmentation results
inanincrease inthe meaninvestmenttime for both rain-dependent and

rain-independent scenarios. Inthe rain-independent scenario, increasing
the cost of investmentalso reduces the probability of investment occurring
withinthe 25-year simulation period. As would be expected with a delaying
of supplyaugmentation,anincrease in mean price and areduction in mean

consumption are observed inboth scenarios.

6 Sensitivity analysis: augmentation capital cost

rain-independent scenario

Investment cost ($ million) 120 (-400)

Probability of investment
occurringinsimulation 1.00  (31)

Mean investment time t 15.3 (-137)
Mean discounted objective

value ($ million) 1316 (19)
Mean price ($ per kL) 154  (-57)

Mean consumption
(ML perseason) 242 (22)

160 (-200)

0.99
16.5

1303
159

23.9

(25)
(-6.4)

(09)

(-26)

(10)

0.97
177

1,290

1.64

23.7

©
©

©
©

©

240 (200)

0.90 (-76)

18.6

(52)

1,283 (-07)

1.69

23.4

(€5))

(13)

280 (400)

0.72 (-26.0)

19.6 (108)

1,283 (-07)
178  (88)

23.0 (30)

Note: Percentage change shownin parenthesis.
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7 Sensitivity analysis: augmentation capital cost
rain-dependent scenario

Investment cost ($ million) ¢ 60 (-400) 80 (-200) 100 (0) 120 (200) 140 (400)

Probability of investment 1.00 (0) 100 (0 .00 (0) 100 (o) 100 (0
occurringinsimulation

Mean investment time (years) 61 (-237) 73 (-120) 8.0 (o) 9.0 (18) 9.8 (219)
Mean discounted objective 1360 (20) 1350 (13) 1333 (0) 1320 (-10) 1310 (-17)
value ($ million)

Mean price ($ per kL) 143 (21) 144 (-10) 146 (0) 149 (24) 151 37)
Mean consumption

(GL perseason) 249 (09) 248 (04 247 (0) 245 (-08)  24.4 (-13)

Price elasticity

Results of asensitivity analysis on the demand elasticity parameter (&)
areshownintable 8 andtable 9. When the demand for waterisless (more)
elastic, the associated surplus per unit of water consumedis higher
(lower)andasaresultinvestment occurs earlier (later). Rain-independent
investmentis particularly sensitive to a change in price elasticity.

Allelse held constant,asmaller price elasticity would be expected to result
in substantially higher mean prices. However, increased (earlier) investment
limits the increase in price by providing an increase in supply, which resultsin
increased mean consumption. In the rain-dependent case the price is more
sensitive to changes indemand elasticity.

8 Sensitivity analysis: demand elasticity parameter

rain-independent scenario

Elasticity parameter, a 1.33 (-400) 178 (-200) 2.22 (0 2.67 (200) 3.11 (400)
Elasticity (1/a) 0.75 0.56 0.45 0.37 0.32

Probability of investment  0.03 (-968) 031 (-682) 0.97 (o) .00 (36) 100 (36)
occurringinsimulation

Mean investment time ¢ 217 (231) 209 (184 177 (0) 15.1 (-14.6) 13.0 (-265)
Mean discounted objective

value ($ million) 525.4 (-592) 844.0 (345 12900 (0) 19687 (527) 29517 (1200)
Mean price ($ per kL) 1.48 (-96) 165  (10) 164 (0) 17 (37) 177 (83)

Mean consumption
(GL perseason) 222 (-63) 225 (-51) 237 (0) 241 (20)  24.437)

Note: Percentage change shown in parenthesis.
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9 Sensitivity analysis: demand elasticity parameter

rain-dependent scenario

Elasticity parameter, a 1.33(-40.0)
Elasticity (1/a) 0.75

Probability of investment
occurring insimulation 1.00 (o)

Mean investment time t 13.0 (613)

Mean discounted objective
value ($ million) 512 (-617)
Mean price ($ per kL) 1.3(-103)

Mean consumption
(GL perseason) 24.0 (-29)

1.78 (-200) 2.22 (o) 2.67

0.56

1.00

0.45 0.37

(o) 100 (o) 1

99 (30 80 (O

853 (-

362) 1333 (0 2

138 (50) 146 (0)

245

.00

6.6

o17

157

(-11) "24,7 (0) 248"

(o) 3.11
032

) 1.00
-173) 52
(509) 3002
[CD) 1.71
(o) 247

(40.0)

©

(-350)

(1246)

(178)

Net inflows

Results of asensitivity analysis on the environmental flow parameter (ef)
are shownin tables10and 11. The environmental flow parameter specifies
aproportion of rain dependent inflows which are assumed to be released
downstream. A sensitivity analysis over this parameter is effectively a
sensitivity analysis over mean netinflows. Areduction in mean net inflows
resultsinabringing forward of investment. A decrease (increase) in net
inflows in generalresults inanincrease (decrease) in mean price andafall
(rise) inmean consumption. Inthe rain-independent scenario the changes
in price and consumption are relatively small, while in the rain-dependent
case price and consumption are much more sensitive to variations in mean

netinflows.
'I Sensitivity analysis: net inflows
rain-independentscenario

Environmental flow parameter, ef 0.15 (-40.0)

Effective change in mean inflow (133)
Probability of investment
occurringinsimulation 0.03 (-97.4)
Mean investment time t 22.4 (260)
Mean discounted objective

value ($ million) 1375 (66)
Mean price ($ per kL) 1.6 (-215)
Mean consumption

(GL per season) 24 (137)

0.20 (-200) 0.25

67

0.59 (-393) 0.97
204 (148) 177

1333 (33) 1290

©
©

©
©

©

1.64 (040) 1.64(0.00)

23.7 (000) 23.7(000)

0.30 (200)

(-67)

1.00 (23)

14.9 (-164)

1258 (25
1.68 (2.86)

233 (-136)

0.35 (409)

(-133)

1.00 (24)

12.4 (-301)

1220 (-54)

178 (884)

22.8 (373)
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'I Sensitivity analysis: net inflows
rain-dependent scenario

Environmental flow parameter,ef  0.15 (-400) 0.20 (-200) 0.25 (o) 0.30 (200) 0.35 (400)

Effective change in mean inflow (133) 67) (0) (-67) (-133)

Probability of investment

occurringinsimulation 1.00 (o) 100 (o) 100 (o) 100 (o) .00 (o)
Mean investment time ¢ M8 (474) 98 (2250 80 (0) 63(-218) 4.6 (-421)
Mean discounted objective

value ($ million) 1370  (30) 1360  (23) 1333 (0) 1300 (-23)1260 (-53)
Mean price ($ perkL) 129 (<1211) 136 (743) 146  (0) 1.6 (945 181 (2375)
Mean consumption

(GL perseason) 26 (527) 254 (307) 24.7(000) 23.8(359) 22.7(-806)

Penalty value

Results of a sensitivity analysis on the penalty for failure to meet essential
water (PENALTY) are shown in table 12 and table 13. When storage levels
reach low levels, the probability of a system failure (an empty dam)
becomessignificantly different fromzeroand the penalty value begins
toinfluence the estimated price and investment policy functions. As
shown in the sensitivity analysis,ahigher penalty value resultsin higher
prices onaverage and earlierinvestment onaverage in both scenarios.
Theimpact of the penalty value on mean prices s relatively small,as it
willtend toincrease prices only during substantial droughts. The penalty
value does, however, have a significant impact on investment timing in the
rain-independent scenario. Inthe absence of a penalty for system failure,
therain-independent supply optionis likely to be executedin only onein

‘I Sensitivity analysis: penalty

rain-independent scenario
Penalty value PENALTY O (-100) 5x10° (50) 1X10™ (0) 1.5X10™ (50)
Probability of investment
occurringinsimulation 0.24 (-752) 0.96 (-16) 097 (0) 0.98 (04)
Mean investment time ¢ 21.0 (183) 18.0  (15) 17.7 (o) 17.4 (-27)
Mean discounted objective
value ($ million) 1356 (57) 1294 (03) 1290 (0) 1289 (-o1)
Mean price ($ per kL) 166 (108) 1.65 (082) 164 (0) 1.63(-033)

Mean consumption
(GL perseason) 23.3 (-162) 23.6 (-030) 237 (o) 23.7 (010)

Note: Percentage change shown in parenthesis.
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foursimulations. A higher penalty value also decreases the probability of a
system failure. However, given that this probability is very low, it is difficult
toaccurately measure it without increasing the number of simulations

substantially.

'I Sensitivity analysis: penalty

rain-dependent scenario

Penalty value PENALTY O (-100)
Probability of investment

occurringin simulation 1.00 ©)
Mean investment time ¢ 101 (263)

Mean discounted objective
value ($ million) 1354  (16)
Mean price ($ per kL) 139 (-453)

Mean consumption
(GL perseason) 25 (37

5x10° (-50) 1x10™

1.00 (o)

83 (2

1337 (03
1.46 (-012)

24.7 (003)

1.00

8.0

1333
1.46

247

(0)1.5%10"  (50)

©
©

©
©

©

1.00 (o)

79 (12)

1333 (0
147 (065)

24.7 (-0.20)

Note: Percentage change shownin parenthesis.
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