	
	


	
	



A
Mathematics of the model
A complete mathematical specification of the urban water model is presented in this appendix. All variables in the model are identified with names that start with lower case letters. All parameters are identified with names that start with an upper case letter (see tables 
A.2 and 
A.3).

All variables in the model are positive (i.e. greater than or equal to zero). Three binary variables (cumpipe, vRestr and vRestrTerm) must take on a value of 0 or 1. 
Equations for the core market model, representing scarcity-based pricing are presented first (
A.1). Policy interventions are modelled by constraining the core market model according to the equations listed in section 
A.2.
A.

 SEQ Heading2 1
Core market model

Objective function
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(A.1)
Objective function: area under the linearised demand functions less reticulation costs
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plus linearised benefit from storage in the terminal period
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less total cost of water supply from desalination
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less total supply cost from pre-existing and new dam investments
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less total supply cost of piping water from rural to urban regions
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less total supply costs of household tank water supply
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less total cost of water supplied from aquifers
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Dam constraints

Maximum dam storage
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(A.2)
Catchment supply
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(A.3)
Water demand balance
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(A.4)
Desalination constraints

Maximum desalination supply
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(A.5)
Upper bound on installed desalination capacity
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(A.6)
Cumulative desalination investment
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(A.7)
New dam constraints
Maximum supply for new dams
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(A.8)
Upper bound new dam capacity
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(A.9)
Cumulative new dam investment
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(A.10)
Rural–urban trade pipeline constraints
Rural–urban trade pipeline supply
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(A.11)
Upper bound rural–urban trade pipeline capacity
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(A.12)
Cumulative rural–urban trade pipeline investment
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(A.13)
Household tank constraints
Tank supply
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(A.14)
Cumulative tank investment
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(A.15)
Aquifer constraints
Aquifer supply


[image: image23.wmf](,),,(,)

.0

yrptyrptiaqyriaqyrptyraquilagptp

iaq

qsaquiSwAquiICapcumaqui

-

-£

å


(A.16)
Upper bound aquifer capacity
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(A.17)
Cumulative aquifer investment
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(A.18)
Constraints related to linearisation

Linearised demand for water
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(A.19)
Linearised benefit function for water stored in the terminal period
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(A.20)
Demand for storing water in the terminal period
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(A.21)
A.

 SEQ Heading2 2
Policy constraints and variables
Cost recovery (without restrictions)
The cost recovery constraints impose a revenue constraint on suppliers of urban water in each time period (for a particular node). This sets total revenue equal to the total cost of supplying water (including investment costs). An additional constraint is imposed to ensure a uniform price for all users of water (within a year and node), which amounts to average cost pricing.
Defining total annualised costs of supply (setting the revenue requirement)
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(A.22)
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Written down value of assets in service using a declining balance method
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(A.23)
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Total revenue
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(A.24)
Cost-recovery (total revenue equals total cost requirement)
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(A.25)
Uniform price across classes of customers
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(A.26)
Water restrictions

The water restrictions constraints restrict outdoor water demand when storage is below the trigger level in the preceding year. The restrictions are controlled with the binary variables vRestryr,pt,stage, which have a value of 1 when the restriction is ‘on’, and 0 when the restriction is off. 
Water restrictions
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(A.27)
Additional term included in the objective function to reflect the cost of restriction after the terminal period
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Water restrictions in terminal period
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(A.28)
Water consumption when restrictions are imposed
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(A.29)
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Water restrictions triggered when storage is below threshold
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(A.30)
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Water restrictions triggered when storage is below threshold for terminal period
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(A.31)

[image: image44.wmf](,)(1,)

0.00

yrptyrptyrptyrptp

vRestrTermTrigqstdam

-

+-£


Long-run marginal cost pricing (with scope for water restrictions)
The long-run marginal cost policy constraints set a uniform price for all demand classes during the regulatory period (described in figure 4.1). An arbitrarily large term (999) is added to the long-run marginal cost constraints to ensure that when restrictions are active, the level of demand will be determined by restrictions, rather than long-run marginal cost prices.
Setting uniform prices for all classes of demand during each regulatory period — upper bound
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(A.32)

[image: image46.wmf](,),,

()

999.

yrptyrptstagedPrBlk

stage

drd

vRestrequil

-£

å


Setting uniform prices for all classes of demand during each regulatory period — lower bound
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(A.33)
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Alternative specification of long-run marginal cost pricing with scope for water restrictions

An alternative specification of long-run marginal cost is used as part of the sensitivity analysis (appendix D). This constraint imposes a price of water that is equal to the levelised cost of the next cheapest source of water available to water utilities. Initially rural–urban trade will be the marginal source. Once a pipeline is constructed, desalination is the next cheapest source of water. 

Setting prices equal to the marginal source — upper bound
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(A.34)
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Setting prices equal to the marginal source — lower bound
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(A.35)
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A.

 SEQ Heading2 3
Parameters, variables and sets

Table A.

 SEQ Table \* ARABIC 1
Sets in the model

	Name
	Dimensions
	Description

	
	
	

	aquilag
	1
	Time lag on aquifer investments

	d
	1
	Classes of demand for water

	damlag
	1
	Time lag on new dam investments

	firstyr
	1
	First year in the simulation period

	desallag
	1
	Time lag on desalination investments

	dr
	d
	Used to apply restrictions to a subset of demands

	iaq
	1
	Aquifer investment options

	idm
	1
	New dam investment options

	ids
	1
	Desalination investment options

	iru
	1
	Rural-urban pipe investment options

	itk
	1
	Household tank investment options

	l
	1
	Linear segments in the demand function

	lastpt
	1
	Nodes associated with the final year in the probability tree

	lastyr
	1
	Final year in the simulation period

	m
	1
	Linear segments in the benefit function for terminal storage

	pipelag
	1
	Time lag on rural-urban pipe investments

	PrBlk
	1
	Long-run marginal cost pricing blocks

	pt, ptp
	1
	Nodes in the decision tree

	PtPrBlk
	pt,PrBlk
	Mapping of node pt to a long-run marginal cost pricing block PrBlk

	stage
	1
	Stage of water restrictions (e.g. stage 3, stage 4)

	tanklag
	1
	Time lag on household tank investments

	yr
	1
	Time period. Single years for the shorter planning horizon model, aggregate years for the larger planning horizon model

	yrpt
	yr,pt
	Mapping each node pt to its matching year in the probability tree


Source: Productivity Commission urban water model.

Table A.

 SEQ Table \* ARABIC 2
Parameters in the model

	Name
	Dimensions
	Description

	
	
	

	Aglin
	d,yr
	Constant for the linear demand function d in yr

	AreaQd
	d,yr,pt,l
	Welfare from function curve d, at node pt in yr, for linear segment l

	AreaSt
	lastpt,m
	Welfare from final period storage at node lastpt for linear segment m

	Bglin
	d,yr
	Coefficient for the linear demand function d in yr

	Capstock0
	scalar
	Initial capital stock in the urban water system

	DamStCap
	idm
	Additional dam storage capacity from new dam investment idm

	Depr
	scalar
	Depreciation rate

	Df
	yr
	Discount factor in yr

	Discount
	scalar
	Discount rate

	FutStorC
	lastpt
	Welfare cost of restrictions in the period after final node lastpt

	Gf
	yr
	Growth factor in yr

	Inflow_state
	pt
	Inflow level relative to mean inflows at node pt

	Level_pipe
	yr
	Levelised cost of rural-urban pipe water in yr

	Level-desal
	yr
	Levelised cost of desalination water in yr

	OperAqui
	iaq
	Fixed annual operating cost of aquifer investment iaq

	OperDam
	idm
	Fixed annual operating cost of new dam investment idm

	OperDesal
	ids
	Fixed annual operating cost of desalination investment ids

	OperPipe
	iru
	Fixed annual operating cost of rural-urban pipe investment iru

	OperSystem
	scalar
	Fixed annual operating cost of existing water infrastructure

	OperTank
	iru
	Fixed annual operating cost of household tanks investment itk

	PriceQd
	d,yr,pt,l
	Price of water for users of type d, at node pt in yr, for linear segment l

	Prob
	pt
	Probability of being at node pt

	QtyQd
	d,yr,pt,l
	Demand water quantity of type d, at node pt in yr, for linear segment l

	QtyQstdamf
	lastpt,m
	Final period storage at node lastpt for linear segment m

	Rest
	d,stage
	Restricted maximum demand for type d for stage level restrictions

	Rest0
	d
	Maximum demand for type d for unrestricted demand (999)

	S0
	scalar
	Water in storage at the start of the simulation period

	SwAquiICap
	iaq,yr
	Water capacity of fully constructed aquifer investment iaq in yr

	SwDamICap
	idm,yr
	Water capacity of fully constructed new dam investment idm in yr

	SwDamStCap
	idm,yr
	Additional storage capacity from new dam investment idm

	SwDesalICap
	ids,yr
	Water capacity of fully constructed desalination investment ids in yr

	SwEnvFlows
	yr
	Environmental flows from catchments in yr

	SwInflows
	yr
	Mean inflows in yr

	SwLossFlows
	yr
	System losses in yr

	SwMaxS0
	yr
	Base storage capacity from initial infrastructure in yr

	SwPipeICap
	iru,yr
	Water capacity of fully constructed rural-urban pipe iru in yr

	SwTankICap
	itk,yr
	Water capacity of fully constructed household tanks itk in yr

	TrDamInvC
	idm,yr
	Truncated new dam investment cost for investment idm in yr

	TrDesalInvC
	ids,yr
	Truncated desalination investment cost for investment ids in yr

	Trig
	stage
	Minimum water in storage to trigger stage level restrictions

	Trig0
	scalar
	Minimum water in storage for unrestricted demand


 (Continued next page)

Table 
A.2
(continued)
	Name
	Dimensions
	Description

	
	
	

	TrPipeInvC
	iru,yr
	Truncated rural-urban pipe investment cost for investment iru in yr

	TrTankInvC
	iru,yr
	Truncated household tank investment cost for investment itk in yr

	TtrAquiInvC
	iaq,yr
	Truncated aquifer investment cost for aquifer investment iaq in yr

	Utcdam
	scalar
	Unit transport (reticulation) costs of water

	Vcaqui
	scalar
	Unit cost of water from aquifers

	Vcdam
	scalar
	Unit cost of water from catchments

	Vcdam2
	scalar
	Unit cost of water from new dams

	Vcdesal
	scalar
	Unit cost of water from desalination

	Vcpipe
	scalar
	Unit cost of water from rural-urban trade

	Vctank
	scalar
	Unit cost of water from household tanks

	WACC
	scalar
	Weighted average cost of capital

	YrIndex
	yr
	Number of years in time period yr


Source: Productivity Commission urban water model.

Table A.

 SEQ Table \* ARABIC 3
Variables in the model

	Name
	Dimensions
	Description

	
	
	

	assets
	yr,pt
	Total stock of depreciated assets at node pt in yr

	costs
	yr,pt
	Total system costs for cost recovery at node pt in yr

	cumaqui
	iaq,yr,pt
	Cumulative proportion of total aquifer investment iaq made at node pt in yr (greater than or equal to 0)

	cumdam
	idm,yr,pt
	Cumulative proportion of total new dam investment idm made at node pt in yr (between 0 and 1)

	cumdesal
	ids,yr,pt
	Cumulative proportion of total desalination investment ids made at node pt in yr (between 0 and 1)

	cumpipe
	iru,yr,pt
	Cumulative proportion of total rural-urban pipe investment iru made at node pt in yr (binary variable 0 or 1)

	cumtank
	iru,yr,pt
	Cumulative proportion of total household tanks investment itk made at node pt in yr (greater than or equal to 0)

	equil
	d,PrBlk
	Price equilibration for all prices of demand type d in long-run marginal cost pricing block PrBlk

	NW
	scalar.
	Net social quasi-welfare

	onePrice
	yr,pt
	Uniform price for cost recovery

	qsaqui
	yr,pt
	Quantity of water supplied from aquifers at node pt in yr

	qsdam
	yr,pt
	Quantity of water from pre-existing dams at node pt in yr

	qsdam2
	yr,pt
	Quantity of water supplied from new dams at node pt in yr

	qsdesal
	yr,pt
	Quantity of water supplied from desalination at node pt in yr

	qspipe
	yr,pt
	Quantity of water supplied from rural-urban trade at node pt in yr

	qstank
	yr,pt
	Quantity of water supplied from household tanks at node pt in yr

	qstdam
	yr,pt
	Quantity of water stored at node pt in yr

	revenue
	yr,pt
	Total revenues received by the authority for cost recovery at node pt in yr

	vRestr
	yr,pt,stage
	Binary variable determining if restrictions of stage are active in the at node pt in yr

	vRestr0
	yr,pt
	Continuous variable determining if demand is unrestricted at node pt in yr

	vRestrTerm
	lastyr,lastpt,stage
	Binary variable determining if restrictions of stage would be active in the next year after node lastpoint in lastyr

	vRestrTerm0
	lastyr,lastpt
	Continuous variable determining if demand would be unrestricted in the next year after node lastpoint in lastyr

	wQd
	d,yr,pt,l
	Weight or activity level for linear demand segment l at node pt in yr for demand type d

	wQstdamf
	lastpt,m
	Weight or activity level for terminal storage linear segment m in at final-year node lastpt


Source: Productivity Commission urban water model.
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