	
	


	
	



	
	


Overview

	Key points

	· A partial equilibrium model of an urban water system is employed to investigate capacity augmentation decisions, pricing policies and the use of water restrictions in the urban water sector.

· The modelling is based on the solution to a constrained optimisation problem, with the objective to maximise community welfare in the urban water market. The model allows for intertemporal representation of demand and supply; variation in annual inflows to dams; various supply options; and scope to apply policy constraints.

· The model abstracts from the transaction costs of different policies, institutional settings and incentives. Such considerations could in practice have a significant bearing on outcomes and optimal policies. 
· To illustrate its use, the model is applied to a hypothetical city, which synthesizes features of Australian capital cities. The results therefore are illustrative only, and cannot be used as a template for assessing actual investment and policies.
· Several possible new supply sources are considered: desalination; groundwater aquifers; household tanks; new dams; and rural–urban trade.

· The model reinforces the importance of rainfall variability and of making investment decisions regarding new supply sources based on expected returns to investment.

· Actual payoffs to investment depend on future inflows to dams, as prices respond to demand, supply and storages. If future rainfall is plentiful (scarce), returns to investment are likely to be low (high). 

· Guaranteed investment returns lead to inefficient investment and consumption.

· The amount of water drawn from new investments should be flexible and respond to rainfall patterns (via their impact on water prices).

· Pricing based on the relative scarcity of water was the optimised ‘base case’ against which a range of illustrative policy applications were evaluated.

· Constraining prices (including through long-run marginal cost pricing) was found in the model to impose costs on the community. Constrained prices are also likely to require restrictions to ration water during times of scarcity because prices are not able to perform a ‘rationing’ function.

· The modelling shows large economic costs from imposing water restrictions, which prevent uses of water that consumers would have been willing to pay for. These costs rise as demand becomes less responsive to price or if inflows to dams become lower in the future.

· A key feature of scarcity-based pricing is the variability in the price of water over time, depending on rainfall. On average, however, prices are lower under scarcity‑based pricing than under the other policy options modelled.

· Model results also indicate potentially high costs from ruling out access to particular sources of water (for example, relatively low-cost rural–urban trade using pipelines), or from pursuing supply options that are not least cost.

· Potential further work using this modelling framework could include its application to specific urban settings. 

	


Overview
Shortages of water have been commonplace in Australian cities during recent years, as an extended period of low rainfall has reduced inflows to dams. As a result, many jurisdictions have imposed restrictions. These shortages have also triggered debate about appropriate pricing and investment. Studies by governments, academics, industry and environmental groups have suggested that there are potential welfare gains from reforms to water pricing and supply procurement. However, limitations of the existing models available to evaluate urban water policy has hampered quantification of its associated costs and benefits.
In this paper a partial equilibrium model is developed specifically to investigate urban water policy issues. The use of a partial equilibrium model limits the quantification of the impacts to the urban water system, with no ability to include impacts on other sectors of the economy. For example, changes in household spending on water might affect how much income households have left to spend on other goods and services, which could impact on the sectors that supply those goods and services. However, since urban water is a small proportion of household budgets, feedback effects on demand and supply are likely to be minimal. Moreover, adopting a partial approach allows more detail and realistic modelling, for example the inclusion of multiple policy options, binary ‘yes/no’ investment decisions and stochastic variability of inflows to dams, which are difficult to incorporate into general equilibrium models.
The modelling in this paper is based on the solution to a constrained optimisation problem. Annual inflows to dams vary from year to year and cannot be known with certainty in advance. The model seeks to maximise community welfare in the urban water market, calculated as the expected net present value of welfare from consuming water, less the cost of supplying it (over a simulation period of several years). This is achieved subject to constraints on demand, supply and policy actions, and according to demand and supply decisions that respond to pricing signals. Demand functions for commercial, indoor and outdoor household uses describe the welfare to consumers from water consumption. 

As always, the model developed in this study is a simplified or stylised representation of the real world. For example, the model abstracts from the transaction costs of different policies, institutional settings and incentives. Such considerations could have a significant bearing on optimal policies in practice. It nevertheless provides a useful tool for investigation of investment decisions and policy choices.

In the model, scarcity-based pricing is the optimised ‘base case’ against which other policy options are compared. Scarcity-based pricing is nothing more than economically efficient pricing that maximises consumer plus producer surplus, a microeconomic concept widely understood and applied to evaluate policies. Scarcity-based pricing means that prices paid by consumers to suppliers are able to respond over time to variations in rainfall and storage in dams. When dam levels are low, water is more expensive, reflecting its scarcity. Conversely, when dams are full and additional water would cause them to overflow, water is cheaper. The model allows prices to adjust to equate demand and supply in each year, and across years. The choice of scarcity pricing as the base case is natural in the sense that, in principle, it is the most efficient outcome, and is a useful reference point against which to assess policies that act as a constraint on efficiency and the maximisation of welfare. 
Other illustrative policies modelled include regulated pricing based on long-run marginal cost or cost recovery, water use restrictions, and bans on or mandates for particular forms of supply. These policies are modelled by imposing constraints on the model that simulate the operation of pricing and other policies considered by policymakers. By necessity, the modelling is a simplification of actual policies and their implementation. An attempt has been made to minimise the distortions imposed by the policy constraints, in order to obtain a ‘lower bound’ estimate of the cost of each policy relative to a scarcity-based pricing framework.
The model includes several options for new sources of supply, allowing for investigation of the choice between different options. Additional water is potentially available from desalination, new dams, aquifers, rural–urban trade using pipelines, and household tanks. Each augmentation option has its own characteristics in terms of investment and operating costs, reliability of supply, time to build, and economic life. For example, tanks provide households with a small amount of additional, rainfall‑dependant water, at a high construction cost (per unit of water delivered) but with low ongoing costs. Consumers can use water from tanks for outdoor uses, allowing them to compensate to some extent for water restrictions.
Some other supply options have not been modelled, simply because they would introduce significant complexities, not because they are not worth pursuing. For example, wastewater recycling was not incorporated in the model because community concerns about the quality of the water delivered is the main barrier to adoption of this technology. In addition, introducing this option into the model would lead to excessive data and computational difficulties. Similarly, other alternatives that separate water of a different quality — such as dual reticulation systems — were not included as options. 

The model has been calibrated on and applied to a hypothetical urban system, representative of large capital cities in Australia. This provides insights generally to the policy issues, but also means the results cannot be used to make policy judgements for any specific city in Australia. Aggregate annual consumption is assumed to be just less than that in Sydney and Melbourne, and greater than that in South–East Queensland, Perth and Adelaide. Variability of inflows to dams has been calibrated to historical Australian data. The results should not be used to infer ‘one size fits all’ policy prescriptions, as appropriate planning and market outcomes will vary by city. For example, the optimal choice of investments to augment supply varies from city to city, reflecting the characteristics of each city’s natural endowment of water resources. 

Some illustrative results
A key insight from this research is the importance of taking into account variability of inflows to dams in assessing supply options and evaluating policy. The extreme variability in streamflows (and thus inflows to dams) in Australia, combined with a reliance on water from dams, means that accounting for variability in project benefits and costs is important to evaluating policy issues in urban water systems. In the model, inflows to dams in each year are either low, medium or high. Results show that pricing (under a range of different pricing policies) and the timing of investment should respond to realised inflows in order to maximise community welfare. For example, examination of the modelling results over a period of years indicates that investing in a pipeline to facilitate rural–urban trade is more likely to be a good decision after a series of dry years, when dam storages are low, than when water is plentiful and dams are full. 
Investment in new sources of supply

Investment decisions are made based on expected returns and costs under all possible scenarios for future inflows to dams: investment occurs when the expected benefits from additional supply outweigh the costs. Investment at a point in time also depends on historical inflows to dams and past investment decisions, to the extent that these affect current storages and the future capacity to supply water. As such, investment is likely to be brought forward in dry scenarios (figure 
1). In an example ‘typical scenario’ for rainfall, it is optimal within the model to make a decision to build a pipeline in 2011 to access water through rural–urban trade. After three years for planning and construction, water is available from the pipeline in 2014. In a drier scenario the investment decision is moved forward to 2009. (The model solves for 5000 scenarios simultaneously.)
Figure 1
Timing of investment: the impact of inflows to dams

Water supplied from rural–urban trade under two different inflow scenarios

	Typical scenario
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Drier scenario
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Data source: Modelling results.
Following investment in capacity to supply water, the decision to use the facility to supply water is made annually. An upfront decision to use the full capacity of the new facility to supply water would reduce operational flexibility and incur economic costs. For example, a wet year in 2016 under the ‘typical scenario’ illustrated in figure 
1

 LINK Word.Document.8 "\\\\mel_1\\groups\\Elmrb\\04_Current projects\\Urban water modelling\\04_Reports\\Report\\Draft\\Overview.doc" "OLE_LINK4" \a \t  means that it is preferable not to use the rural–urban pipeline, because the price of water is less than the short-run unit cost of water supply from this source.

Whereas investment decisions are based on future expectations, the realised payoffs to investment depend on actual inflows and resultant future revenues and costs after the facility has been commissioned. In the example cited above, a wet year in 2016 reduces investment returns to the rural–urban pipeline. Similarly, building bores to access water from aquifers is likely to offer larger payoffs following investment if it turns out to be dry, compared to another scenario where high rainfall occurs. 

Any guarantee of ex post investment returns will carry costs to community welfare. Investment in new sources of water is inherently risky — like investments in many other markets — and returns should ideally reflect this risk. Regulation that fixes ex post returns to investment will distort investment decisions and end-user consumption. For example, where guaranteed investment returns are built into water prices, water might still be supplied from a facility even though the value of water to society is less than the short-run marginal cost of supply. 

Modelling results confirm the importance of first accessing water from relatively cheap sources of supply. In the hypothetical model of this study, aquifers and 
rural–urban trade are the preferred sources of additional water. Rural–urban trade occurs when it is mutually advantageous for buyers and sellers, with water sold at the prevailing price for annual water allocations in rural areas. Given the small size of urban markets relative to rural markets, the price of water in irrigation markets is assumed to be unaffected by the quantity purchased for urban use. However, the price paid for allocations does vary depending on climatic conditions.
Within the model, high costs arise from banning access to particular sources of water. A policy ban on rural–urban trade carries (expected) net present value costs of about $70 million for the hypothetical city modelled. Similarly, there are high costs from choosing inappropriate supply options. A ‘one size fits all’ approach to new water supply sources could lead to support for inappropriate supply options. For example, there are shown to be significant costs from pursuing desalination where this is not the least cost source of supply available.
Sources of water that are generally more expensive, such as desalination, might be justified where cheaper options are not available, or to avoid large costs from running out of water during extreme dry spells. However, if the reason to construct a desalination plant is to avoid the possibility of ever running out of water, the modelling indicates there might be net community benefits in not running the plant at full capacity all the time. For example, when construction of a desalination plant was imposed in the model, optimal average capacity utilisation over all possible outcomes for dam inflows was just under 75 per cent. This is because when dams are full or near full, it is better not to supply water from a desalination plant than to incur significant operating costs.
Construction of household tanks was found to be worthwhile under some policies, in particular with long-run marginal cost pricing. There are two reasons for this. First, the planning and construction time for tanks is shorter than for larger investments such as desalination and new dams, which allows installation of tanks as required when prices are constrained. Second, household tanks are a means of avoiding the impact of water restrictions, so that outdoor use can be maintained.
Illustrative applications to policy

Modelling results show that water restrictions can impose large economic costs on the community. Restrictions are enforced in the model when storages fall below a threshold level. The cost of restrictions is a consequence of preventing outdoor users from using water that they would have been willing to pay for. Cost estimates are a lower bound, as they do not include additional impacts such as the differential effect of restrictions across households — in reality, some households that are prepared to pay a lot for additional water might have to forgo consumption under restrictions. The finding of high costs from water restrictions is consistent with previous studies, but estimates in this study are somewhat lower, as they represent expected values across many different scenarios for inflows to dams, most of which only rarely require the imposition of water restrictions. This is primarily because many of the scenarios modelled involve rainfall sufficient to avoid the need for restrictions, but also because high prices during times of scarcity encourage users to voluntarily reduce consumption.
Table 1
Welfare costs of illustrative policies
Expected net present values over the next eight years, relative to scarcity-based pricing
	Policy
	Central estimate
	Average inflows
	Demand elasticity

	
	
	Low (-30%)
	High (+30%)
	Low (-0.10)
	High (-0.50)

	Long-run marginal cost
	94
	241
	60
	149
	117

	Restrictions
	522
	673
	267
	1 013
	401

	Restrictions and long-run marginal cost
	658
	1026
	599
	1 573
	548


Source: Modelling results.
Pricing based on the long-run marginal cost of supply also carries costs relative to scarcity-based pricing. Long-run marginal cost pricing is costly due to ‘smoothing’ of prices under this type of price regulation: prices are not free to increase or decrease during dry or wet periods. A relatively flexible form of long-run marginal cost pricing was modelled, with the only constraint being that prices are set every four years, and regulators cannot change prices in response to inflows to dams during these four years. More restrictive implementations of long-run marginal cost pricing would carry higher costs. For example, constraining price to be equal to the unit cost of water from the marginal source of supply (including capital costs, distributed over the life of the asset) carries welfare costs that are about three times as large. Average prices paid by consumers, across all rainfall scenarios, were also found to be higher under long‑run marginal cost pricing than under scarcity-based pricing.
The cost of long-run marginal cost pricing and restrictions together — about $100 million per year — is greater than the aggregate cost of each of these policies separately. The total cost is more than the sum of the parts because under long-run marginal cost pricing there is less scope for users to voluntarily reduce consumption in response to high prices, so restrictions are required more often, imposing large costs on outdoor water users. The need for restrictions to ration demand implies that the cost estimate for long-run marginal cost pricing and restrictions together is a more relevant cost for this type of regulated pricing. 

The key feature of scarcity-based pricing is price volatility. Where consumers are risk averse — as in the modelling — the variability of prices reduces welfare. During extended dry periods, scarcity-based prices increase considerably in the hypothetical example (figure 
2). However, prices generally remain below $2 per kilolitre (the model is calibrated to current prices of about $1.20 per kilolitre). On average, prices are lower under scarcity-based pricing than under the other pricing policies modelled. Suppliers can offer low prices in times when water is plentiful, safe in the knowledge that they can increase prices if shortages develop in the future.
Results from sensitivity analysis show that the costs of illustrative policies are higher under low elasticities of demand for water and under lower inflows to dams. Low elasticities of demand are often cited as an argument against scarcity-based pricing, as the price changes required to equate demand and supply would be larger. However, low demand elasticities imply that users are prepared to pay significantly more rather than reduce their consumption of water — that is, they place a high value on their existing uses of water. This means that there are also much higher costs from using water restrictions to curtail the use of water during dry periods (table 
1). When average inflows to dams are lower, the costs of not being able to use pricing to ration water are also higher. Further, restrictions are required more often, thus imposing higher expected costs.

Figure 2
Price variability under scarcity-based pricing

	[image: image3.emf]0

1

2

3

4

5

2009 2010 2011 2012 2013 2014 2015 2016

$/kL

Maximum

Ninetieth percentile

Median

Tenth percentile

Minimum




Data source: Modelling results.
The higher cost of restrictions when less water is available, suggests that if climate change means less water is naturally available for Australian cities in the future, this will increase the potential benefits from using some form of scarcity-based pricing. As mentioned above, modelling results highlight the importance of variability in dam inflows to Australian urban water systems. Thus, it is not surprising that there are benefits from choosing pricing approaches that are flexible enough to respond to this variability. Impacts on people who are least able to afford higher prices during times of drought are important, but there are also potential benefits from lower prices on average under scarcity-based pricing. Any equity concerns could be addressed outside the urban water system, in ways that do not distort consumer decisions. It might also be possible to provide some fixed quantum of ‘essential’ water to alleviate equity concerns.
The other difficulty associated with scarcity-based pricing is achieving the necessary institutional arrangements to attain the efficient water market pricing embodied in this approach. This is a broader issue that is outside the model developed for this paper: the modelling is useful to investigate the characteristics of an efficient market in an urban water system, but does not specify how such a market could be created. Consumers and suppliers (whether private or government) are assumed not to exploit any market power, which might be difficult to achieve where supply is dominated by a small number of suppliers. Government providers are assumed to act as welfare-optimising social planners. Institutional arrangements for implementing scarcity-based pricing remain an area for further work.

Potential for future work

Future work could build on the modelling framework developed in this paper. For example, it might be possible to better model risk aversion with respect to the possibility of running out of water after a series of exceptionally dry years. There is also potential to extend the analysis of pricing and restrictions policies, including by improving the modelling of long-run marginal cost pricing and by comparing realised returns to investment across different policies. Further, with appropriate data, it would be possible to apply the model to a specific urban water system. 
Notwithstanding these areas for further work and the inherent limitations of any model as a simplification of the real world, the modelling framework developed in this paper offers insights into urban water policy issues in Australia that were not directly available from other models of urban water systems. No single model can provide insights into all issues, and the approach presented here complements other models used to analyse urban water systems.

To facilitate further work using this modelling framework, the GAMS model code developed for this paper is available on request. 
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