	
	


	
	



B
Calibration of the model
The model presented in this paper represents a hypothetical system for providing insights into urban water reform in large cities around Australia. Although the model is hypothetical, there is still a need to calibrate it to be indicative of real world situations. Data for consumption, inflows to dams and new supply options were based on urban locations around Australia, as described below. Specific data is also needed to implement the cost recovery policy option, which is presented at the end of this appendix.
B.1
Consumption
The unrestricted total demand in the model is calibrated to aggregate consumption of 350 GL per annum at a (marginal) price of $1.20 per kilolitre. Annual usage of 350 GL is indicative of large urban water systems in Australia — Sydney, Melbourne, South–East Queensland, Perth and Adelaide — which use in the order of 200–500 GL of water per year
 (PC 2008). Half of total demand is assumed to be for indoor use by residential customers, with the remainder equally split between outdoor use and indoor commercial use. Consumption is projected to grow at 1.2 per cent per annum, in line with population growth projections for Australian capital cities (ABS 2008).
Response of consumers to prices and restrictions
Consumers are likely to adjust their demand for water in response to changes in prices and any restrictions imposed on water use. However, accurate estimation of the magnitude of these responses is difficult. The relationship between demand and price has been estimated in a large number of studies, and elasticity estimates vary widely across these studies (Worthington and Hoffman 2008). Estimating price elasticities using historical data is challenging, due partly to limited variation in prices over time for urban water and also because of the impact of other demand management measures. Other demand management measures include restrictions, education campaigns and moral suasion. The timing of these measures is often correlated with price changes so that disentangling the impact of price and these other factors on demand is difficult. Alternative methods include surveys to elicit water use plans under different prices, but these suffer from drawbacks too — in particular, stated preferences have often been found to contradict actual (revealed) preferences (Maler and Vincent 2005).

Further complicating matters, demand is likely to be more price responsive over several years than in the short run. Over longer periods of time, consumers are able to modify their behaviour, install water saving technologies and change to less water-intensive gardens in response to water shortages and higher water prices. Incorporating a time-varying elasticity into modelling requires a dynamic representation of demand (for example, along the lines of the partial adjustment model in Phlips 1974). This cannot be easily incorporated into the Takayama and Judge (1971) framework as welfare needs to be separable across different periods to facilitate discounting and this separability is violated under dynamic representation of demand. Linearisation of the demand function would also be complicated by using a non-separable welfare function. 
In this model, a single elasticity estimate is used, which should be interpreted as a ‘medium term’ elasticity somewhere between the immediate response and the eventual, long-term response to prices.

To incorporate the wide range of views regarding price elasticities of demand, sensitivity analysis is undertaken for a range of elasticity estimates (table 
B.1). The more elastic end of the range reflects the academic literature (as summarised in Worthington and Hoffman 2008) and the less elastic end is based on industry views (for example, as reported in PriceWaterhouseCoopers 2009). The central estimate for household elasticity of demand is slightly lower than that used by Grafton and Ward (2007) and Hughes et al. (2008) for similar modelling work. Outdoor and commercial uses of water are assumed to be more elastic than indoor household use. Demand functions were calibrated to the elasticity figures using an arc elasticity over a representative price range for future prices ($1 to $5 per kilolitre).

The impact of water restrictions in curtailing outdoor demand is calibrated to current (level 3a) and more severe (level 4) restrictions in Melbourne. Modelling only two levels of restrictions excludes costs from restrictions that would occur under less severe water shortages (level 1 and 2). As such, this approach provides a lower bound on the cost of water restrictions.

Table B.1
Consumer demand characteristics

	Parameter
	Units
	Central estimate
	Sensitivity

	Annual water usage
	
	
	

	Total consumptiona
	GL
	350
	± 35

	Outdoor
	GL
	87.5
	± 9

	Indoor household
	GL
	175
	± 17

	Indoor commercial
	GL
	87.5
	± 9

	Delivery system losses
	Per cent of total consumption
	10
	n/a

	Growth rate of consumption
	Per cent
	1.2
	±1

	Price elasticity of demand
	
	
	

	Aggregate household elasticity
	Ratio
	- 0.30
	± 0.20

	Elasticity by demand type

	Outdoor elasticity
	Ratio
	- 0.60
	± 0.40

	Indoor household elasticity
	Ratio
	- 0.20
	± 0.13

	Indoor commercial elasticity
	Ratio
	- 0.60
	± 0.40

	Effect of water restrictionsb
	
	

	Reduction in total water use
	
	
	

	Level 3a
	Per cent
	- 12.5
	na

	Level 4
	Per cent
	- 17.5
	na

	Storage trigger level
	
	
	

	Level 3a
	Per cent of capacity
	36
	na

	Level 4
	Per cent of capacity
	29
	na


a At a price of $1.20 per kL. b Based on restrictions in Melbourne (DSE 2007 and Melbourne Water 2009b). na Not applicable.
B.2
Inflows to dams

Median inflows to dams are assumed to be equal to 300 GL per year. This represents a deficit between demand (at a price of $1.20 per kilolitre — see above) and median inflows, as has occurred in Melbourne and Perth in recent years (chapter 1).

Sensitivity analysis is undertaken by modelling inflows to dams that are 30 per cent above and below the base assumption (table 
B.2). A 30 per cent reduction in inflows is consistent with the lower end (tenth percentile) of CSIRO rainfall projections for 2030 (CSIRO 2007). Reductions in streamflow are generally larger than reductions in rainfall due to evaporation and retention of water in soil, so a 30 per cent decline in inflows can be used to give an indication of what might occur under a dry climate change scenario. A 30 per cent increase would reverse the deficit between demand and median inflows and would represent a return towards historical averages in cities such as Melbourne and Perth.
Table B.2
Existing dams
	Parameter
	Units
	Central estimate
	Sensitivity

	Annual inflows to existing dams
	
	
	

	Median
	GL
	300
	± 90

	Storage capacity
	
	
	

	Total capacity
	GL
	1750
	na

	Initial storage
	Per cent of total capacity
	35
	± 7

	Storage not readily available
	Per cent of total capacity
	10
	na


na Not applicable.
Storage capacity in existing dams is assumed to be five times the annual consumption of 350 GL per year. This is based on the average across Australian capital cities that rely primarily on water from dams for their water supply (Sydney, Melbourne, South-East Queensland, Adelaide, Canberra and Darwin — PC 2008). The bottom 10 per cent of water in existing dams is assumed to be in deep storage (based on Sydney Catchment Authority 2007) and not readily available for use. Initial dam storages are set at 35 per cent of capacity, based on observed levels during the recent drought in much of Australia. In early 2007, dam levels in Sydney, Melbourne, South-East Queensland, Perth and Canberra all dropped below 35 per cent (ACTEW 2009; Melbourne Water 2009c; Seqwater 2009; Sydney Catchment Authority 2009; Water Corporation 2009c).

Variability of inflows to dams

Variability in inflows to dams is represented by a three-point discrete distribution (low, medium and high) for each time period (figure 
B.1). The three-point distribution was fitted to historical data on inflows captured by dams,
 providing a coarse approximation of inflows for any one period but a more accurate description of accumulated inflow scenarios over time.

A 25 per cent chance of low or high inflows and a 50 per cent chance of medium inflows have been chosen. Thus, annual inflows outside of a one in four event are not considered. However, the possibility of successive one in four events means that (for example) over a four-year period, one in one hundred year cumulative streamflow events are covered. As a result (in the early years of the modelling period at least) four to five year trends in inflows are described well by the probability tree. This is important because it is these longer-term trends that affect 
investment decisions in Australia, where dam storages are typically large enough to hold four to eight years of inflows (PC 2008). In its entirety, the probability tree contains about 60 000 scenarios, each describing a different path for inflows over the 20-year time horizon. The extreme scenarios in this tree describe wet and dry scenarios that exceed any twenty year series in the historical data used for calibration, meaning that the full range of long-term possibilities are canvassed, albeit with very low probabilities
 (figure 
B.2).

Figure B.1
Approximating variability in dam inflows
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Several methods are used to calibrate the three levels of inflows to historical data, each yielding similar estimates. In the first method, the three-point distribution is fitted so as to retain the first three moments (mean, variance and skewness
) of the data, following the approach advocated in Hoyland and Wallace (2001). In the second, the Wasserstein distance between the distribution of the existing data and the three-point distribution is minimised, as per Hochreiter and Pflug (2008). In the third, the historical data is divided into three groups, representing low, medium and high inflows. Simple averages of the three groups are used to approximate inflow volumes, similar to an approach presented in Kall and Wallace (1994). Results from all three approaches are used to make judgements about the discrete approximation applied in the model.

An important feature of variability in supply is the tendency for long periods of dry or wet years, such as during the recent extended drought affecting many of the capital city urban water systems in Australia. This suggests that there is some serial correlation in annual streamflows, which has also been noted in empirical studies of streamflows throughout the world (for example, McMahon et al. 2007). The model allows this effect to be included using a lag 1 autoregressive process. However, captured inflow data used for calibration did not show statistically significant evidence of autocorrelation (at the 5 per cent level). This is likely due to an inverse relationship between the previous year’s rainfall and the proportion of inflows that can be captured in smaller dams, as well as additional water supply options — such as pumping to fill dams — that might be pursued during extended dry periods. 

Figure B.2
Approximating inflows over several years
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Inflows for time periods of more than one year

A modelling horizon of twenty years is used to investigate efficient investment in new sources of supply. Solving the model for twenty individual one-year periods is not possible under a multistage stochastic programming approach. Instead, twenty‑year simulations are based on combining four one-year periods with three two-year periods, two three-year periods and one four-year period (chapter 2). This required parameters to be calibrated to inflows over periods of more than one year.
The calibration of inflows for time periods of more than one year is achieved by matching the mean and spread of historical inflows. Median inflows of 300 GL per annum are maintained, as is the three-point discrete distribution (low with probability 0.25, medium with probability 0.5 and high with probability 0.25). Inflows under low and high inflow scenarios are set with reference to the spread (standard deviation) and mean of multiple year time periods in the historical data record. The relative variation of inflows over multiple time periods is less than that for a single year, as extreme wet and dry years tend to cancel each other out over longer periods of time (table 
B.3). This approach is also effective in capturing the skewness of inflows in the historical data, which tends to decrease for time periods of longer than one year.
Table B.3
Inflows over periods of more than one year

	Parameter
	Units
	Time period

	
	
	1 year
	2 year
	3 year
	4 year

	Inflows to existing dams
	
	
	
	
	

	Low (probability = 0.25)
	GL
	180
	400
	560
	750

	Median (probability = 0.5)
	GL
	300
	600
	900
	1200

	High (probability = 0.25)
	GL
	570
	1010
	1330
	1600


B.3
Characteristics of supply options

The initial supply of water in the hypothetical example comes entirely from dams. These are assumed to have an operating cost of 10 cents per kilolitre of water delivered (ERA 2009) and maintenance costs of $45 million per year.

Each new supply option modelled requires data on three distinct costs: a construction cost; an ongoing, annual fixed maintenance cost; and a marginal cost associated with releasing, delivering or obtaining a unit of water from the supply source. There is also a reticulation cost associated with transporting water from bulk storage to end users, assumed to be 45 cents per kilolitre for all sources (this does not apply to household tanks, which supply water directly to households).
An economic assessment of new supply options should include all relevant costs associated with supplying water from that source, including any environmental costs (where known). Data limitations have meant that, for this study, environmental costs are only incorporated to the extent that they affect costs incurred in building or running the facility. For example, where environmental assessment and remediation is required as part of building a dam, this is included in the cost of the dam. Any remaining environmental impacts are excluded. Similarly, for desalination, additional energy costs required to run the facility using renewable power are included, but any remaining environmental impacts are not. 
New supply options are based on those being implemented or considered around Australia (table 
B.4):
· desalination plants

· new dams

· aquifers
· rural–urban trade

· household tanks.

The list of options considered is not exhaustive. For example, waste water recycling is not modelled because the material barriers to adoption of this technology are largely political, or alternatively that the water produced is not the same quality as other types of water. Introducing these issues into the model would lead to significant data and computational difficulties. Similarly, other alternatives that require water of different quality to be used for different purposes — such as dual reticulation systems — are not modelled. This does not reflect a judgement that these options are not worth pursuing, but rather that their value would be best evaluated through alternative modelling or cost–benefit frameworks.
There is also no ‘backstop technology’ included in the modelling. A backstop technology is a supply of water that is available at short notice and is perfectly elastic at a certain price. As such, all water demands at or above this price can be met using the backstop supply source, where other supplies are not available. For example, water was trucked in to supply some areas of rural Victoria during 2007, at a cost of about $10 per kilolitre (Goulburn Valley Water 2008). In large cities, supplying water through such a last resort measure is likely to be more difficult, given the quantities of water involved. However, it is not without international precedent. During 2008, water was transported to Barcelona by tanker ships, at a cost of around $5 per kilolitre (Time Magazine 2008). The availability of a backstop technology — at an acceptable price — allows water storages to be operated at a lower level than without such a backstop technology. However, a backstop supply source was not included in the hypothetical example due to the difficulty of supplying a large quantity of water at short notice, and uncertainty about the costs of such a technology given the lack of experience in large cities of Australia. 

Omitting a backstop technology does not impact general economic inferences that can be illustrated using this model. Consideration could be given to including backstop technologies if this model were adapted and applied to model a specific urban water system in Australia.
Desalination plants

Desalination offers a source of water that is independent of rainfall. However, obtaining water from desalination involves relatively high per unit costs due to its intensive use of energy. There are also high fixed annual costs to maintain a desalination plant.

New dams 

New dams add to the aggregate capacity of the urban region’s storage, and also provide additional, rainfall-dependent inflows in each time period. There are likely to be long delays between the decision to build a new dam and the supply of water, as time is needed for planning and environmental approval, construction, and filling of the dam. There are also a diminishing number of sites available for dams, with increasing costs of procurement.

Aquifers 

Groundwater supplies from aquifers are a relatively small potential source of water for most jurisdictions. Their low costs and reliable supply of water are based on new groundwater supplies used to augment Perth’s water supply during 2002. Aquifers are assumed to provide a fixed and known sustainable yield. In practice, previous yields will have an impact on aquifer yields going forward. A more detailed treatment could also include the potential for interconnection between domestic run‑off and recharge of aquifers, allowing for inclusion of any externalities arising from the use of groundwater.

Table B.4
Characteristics of new sources of supply
	Parameter
	Units
	Data
	Source

	Desalination
	
	
	Sydney

	Quantity of water available
	GL/year
	90
	WSAA (2008b)

	Investment costa
	$ million
	2 000
	Sydney Water (2005)

	Annual maintenance cost
	$ million/year
	37b
	SMH (2009); MJA (2007a)

	Operating costs
	$/kL
	0.40b
	SMH (2009); MJA (2007a)

	Economic life
	years
	47
	Sydney Water (2007)

	Time: inception → supply
	years
	4c
	Sydney Water (2007)

	Additional dams
	
	
	Brisbane 

	Quantity of water available
	GL/year
	70
	MJA (2007a)

	Additional storage capacity
	GL
	153
	Senate of Australia (2007)

	Investment costa
	$ million
	1 592
	MJA (2007a)

	Annual maintenance cost
	$ million/year
	18
	MJA (2007a)

	Operating costs
	$/kL
	0.21
	MJA (2007a)

	Economic life
	years
	50
	QWI (2007)

	Time: inception → supply
	years
	10d
	Stakeholder consultation

	Variability of supply
	Same as for existing dams

	Aquifers
	
	
	Perth

	Quantity of water available
	GL/year
	21
	Water Corporation (2009)

	Investment costa
	$ million
	47
	Water Corporation (2009)

	Annual maintenance cost
	$ million/year
	0.5e
	

	Operating costs
	$/kL
	0.20
	ERA (2009)

	Economic life
	years
	50f
	

	Rural–urban trade
	
	
	Hypothetical example

	Quantity of water available
	GL/year
	75
	Victorian Government (2008)

	Investment costa
	$ million
	750
	Victorian Government (2008)

	Annual maintenance cost
	$ million/year
	7.5e
	

	Operating costs
	$/kL
	0.25 – 0.70g
	Waterexchange (2009) 
and IPA (2008) 

	Economic life
	years
	50f
	

	Time: inception → supply
	years
	3
	Victorian Government (2008)

	Variability of supply
	Addressed by variable operating cost (price of water entitlements)

	Household tanks (per tank, each with 5kL storage capacity)
	Melbourne

	Quantity of water available
	kL/year
	29
	MJA (2007b)

	Investment costa
	$
	2 300
	MJA (2007b)

	Annual maintenance cost
	$/year
	20
	MJA (2007b)

	Operating costs
	$/kL
	0.05
	MJA (2007b)

	Economic life
	years
	30
	VCEC (2005)

	Variability of supply
	Half as much variability as dam inflows


a Total investment cost, undiscounted. b Based on a $73 million annual cost (SMH 2009) and a 50/50 split between fixed maintenance and variable operating costs (MJA 2007a). c Began planning and procurement 2006, supply expected to begin 2010. d Includes time for planning, construction and building storage. e Estimated at 1 per cent of initial investment cost. f As for dams: bulk pipelines are likely to have lifetimes longer than 50 years while pumps have shorter lifetimes. g Includes a cost of purchasing water allocations that varies from $0.05/kL during wet years to $0.50/kL during dry years (data from NWC 2008a; Peterson et al. 2004; and Waterexchange 2009) as well as a cost of pumping and treatment of $0.20/kL (IPA 2008).
Rural–urban trade (pipelines)

Rural–urban trade using pipelines allows urban water to be obtained by purchasing water rights from irrigation regions and delivering it to urban centres. This is modelled as an opportunity for urban regions to purchase annual water allocations from rural markets. Given the small size of urban markets relative to rural markets (PC 2008), the price of water in irrigation markets is assumed to be unaffected by the quantity purchased for urban use. This assumption is made to limit the size of model by avoiding the need to linearise the supply function of water from irrigation regions. However, the unit price of water is assumed to vary with rainfall patterns: in dry years, rural water is expensive, while in wet years it is relatively cheap.

Household tanks 

Tanks provide households with additional water at a relatively low per-unit cost, but involve substantial capital costs per unit of water delivered. Supply from tanks is rainfall dependent, but like rainfall itself, yields from tanks do not vary as much as inflows to dams (since dams need significant rainfall just to saturate the soil and begin the runoff process — MJA 2007b). Annual yields from tanks are assumed to be half as variable as inflows to dams, based on the observed relationship between rainfall variability and dam inflows in Melbourne (BOM 2009 and Melbourne Water 2009a). Their chief advantage over other supply options is their scope to supply water that can be used outdoors at times when water restrictions are enforced. Also, unlike other supply options, in the model there is no limit imposed on the total amount of water that can be supplied from tanks.

B.4
Cost recovery pricing policy
Modelling the cost recovery pricing policy requires additional data. The cost recovery constraint requires annual revenue to equal costs at every node (chapter 4). The method applied is similar to that used by regulators in applying the building blocks method (Howe and Rasmussen 1982). The revenue requirement is made up of:

· operating expenses

· depreciation

· a return on the asset base (written down value of assets) using an appropriate rate of return (the weighted average cost of capital).

Estimating annual costs requires converting the written down value of assets to an annuity, using a regulatory weighted average cost of capital and a regulatory depreciation rate (table 
B.5). Depreciation is calculated using the declining balance method. Overhead operating costs, such as head office and information systems costs, also need to be considered in cost recovery pricing.
Table B.5
Parameters used for recovery of capital and fixed operating expenditure
	Parameter
	Units
	Central estimate
	Sensitivity

	Discount ratea
	Per cent
	6.0
	± 4

	Weighted average cost of capital (rate of return)
	Per cent
	6.0
	na

	Regulatory rate of depreciation 
	Per cent per annum
	1.5
	na

	Regulatory asset base (rate base)
	$million
	4 000
	na

	Annual overhead operating costsb
	$million/year
	100
	na


a A discount rate of 6 per cent was used throughout the simulations to calculate discounted net social welfare in the objective function. A sensitivity of ±4 per cent was used based on Harrison (2007). b Costs that are unrelated to the quantity of water delivered, for example head office and information systems costs. na Not applicable.
�	Consumption of water in Adelaide during 2008 declined to less than 150 GL, partly due to the imposition of enhanced level 3 water restrictions. Consumption during previous drought conditions in 2002 was just under 200 GL (Maywald 2009).


�	Including more stage levels for water restrictions requires more binary variables, reducing significantly the size of the model that can be solved.


�	Inflows captured by dams are used instead of gross inflows to adjust for the single storage model used to represent dams. This accounts for the possibility that, under specific inflow conditions, particular dams might be overflowing even though the total system storage is not full.


�	The driest and wettest scenarios in the modelling have a probability of about one in a million.


�	It is not possible to also specify the fourth moment (kurtosis) of a three-point distribution with fixed probabilities, as this leads to overspecification, as described in Hoyland and Wallace (2001).


�	In practice, roof area is likely to constrain the amount of water that can be supplied from tanks in any particular city. However, this would only be an issue after a vast number of tanks had been installed throughout the city, which does not occur in the modelling results.





	76
	Urban water modelling
	


	
	Data for calibration
	77



_1330169162.unknown

_1330169166.unknown

_1330169171.unknown

_1330169173.unknown

_1330169169.unknown

_1330169164.unknown

_1330169160.unknown

