Appendix A: REZ Optimisation Model and Data
Our REZ Optimisation Model comprises a structural LP Model of a radial, double circuit 275kV Renewable Energy Zone with multiple generator connections.  The model draws on hourly intermittent resource options once the REZ transmission line ratings and renewable hosting capacity have been defined.
Critical variables for determining seasonal line transfer limits centre on the conductor type and allowable operating temperature under ‘normal’ and ‘emergency’ conditions.  For the case at hand, a reference twin-sulphur conductor is assumed with normal and emergency operating temperatures of 75º and 90º C, respectively.  This in turn leads to seasonal line ratings (50-200km from coast) as follows:

Seasonal Line Ratings (Amps)
	
	Normal Rating
(Amps)
	Emergency Rating
(Amps)

	Summer
	1734
	2582

	Mild Seasons
	1981
	2774

	Winter 

FCAS raise = 750 MW

	2162


	2922




Source: Powerlink.
Note: FCAS is Frequency Control Ancillary Services

Seasonal power transfer capacity of a double circuit 275kV Renewable Energy Zone in the peak summer period  are identified in Eq.(A1).  

							 		(A1)

In Eq. (1), the first term identifies static seasonal (superscript ‘S’) thermal transfer capacity for each conductor for each of two circuits (2 x √3 x 0.275 x Current) operating at Normal Rating during summer (subscript t=Sum) and converted to MW assuming a power factor of 0.93.  The second term in Eq. (A1) repeats this process for a single circuit operating at its Emergency Rating  with a runback enabled at the  level. (On FCAS raise quantities, Australia’s NEM enables Frequency Control Ancillary Services duties in a largely dynamic process driven by the single largest credible contingent event.  Under normal system conditions this is typically the largest spinning generation unit (Kogan Creek) which is rated at ~750MW.  Consequently, 750MW of real-time spinning reserves over 6 second, 60-second and 5-minute periods are enabled by the market operator. If the unit is offline for maintenance (or operating at partial load) the quantity of FCAS enabled reduces to the next largest unit (typically 720MW in the adjacent region of New South Wales).  Subsequent modelling assumes FCAS is 750MW unless otherwise specified.)  Appendix B examines how this occurs in practice.  The third term  is an exogenous constraint and can be thought of as a downstream fixed capacity limit (e.g. capacity of the substation equipment).  This produces the following maximum hourly power flow limits, as follows:

· Summer 	2 x 768 MW = 1534 MW
· Winter 		2 x 958 MW = 1782 MW
· Mild		2 x 878 MW = 1633 MW

With line ratings established, the REZ Optimization Model then seeks to maximise aggregate five-year wind and solar production (or profit if specified) subject to an array of constraints, including power transfer limits and maximum tolerable ‘curtailment’.  
The model structure is as follows.  Let  be the set of wind and solar projects connecting to the , each with installed capacity  and proportion of plant availability, .  Let  be the set of dispatch intervals and be output of generator .  At this point, the objective function becomes a relatively straight-forward one:     

							(A2)
S.T.
 							(A3)
 							(A4)
							(A5)

Eq. (A2) sets the Objective Function, and the variable can be switched between Production and Profit.  For our purpose, we focus on production given the overarching policy objective (noting that profit results within the model are also monitored for ‘tractability’ of scenarios produced).  Eq. (A3) limits generation to available capacity  while Eq. (A4) constrains total generation in each dispatch interval  to the seasonal line rating capacity  in accordance with Eq. (A1).  Eq. (A5) ensures the average line congestion and subsequent wind and solar curtailment  impacting expected output  of the fleet of wind and solar projects do not exceed tolerable banking limits. 
As noted earlier, the REZ Optimisation Model draws on hourly intermittent resource options (i.e. wind and solar) over a five-year window (2017-2021 data) for a given specified geographic location.  In the present research, Queensland’s resource-rich Western Downs area has been selected, and real-time weather re-analysis data for solar and wind resources were derived from Gilmore et al., (2022), which in turn has been derived from MERRA-2. 


Appendix B: PF Model

In the PF Model, prices and costs increase annually by a forecast general inflation rate (CPI).  

 ,									(B1)     

Energy output  from each plant (i) in each period (j) is a key variable in driving revenue streams, unit fuel costs, fixed and variable Operations & Maintenance (O&M) costs.  Energy output is calculated as the product of the installed capacity, , and the capacity factor,  for each period j.  Plant auxiliary losses  arising from on-site electrical loads are deducted.  Plant output is measured at the Node and thus a Marginal Loss Factor  coefficient is applied.   

							(B2)

A suitable reference electricity price for the ith plant  is calculated in year one and escalated per eq. (B1).  Thus revenue for the ith plant in each period j is defined as follows:

									(B3)

Variable Operations & Maintenance costs , where relevant, are added to give the short-run  marginal running costs in the jth period  is escalated at the rate of . Fixed Operations & Maintenance costs  of the plant are measured in $/MW/year of installed capacity  and are multiplied by plant capacity and escalated.  

									(B4)		
Earnings Before Interest Tax Depreciation and Amortisation (EBITDA) in the jth period can therefore be defined as follows:

							(B5)
			
Capital Costs  for each plant i are Overnight Capital Costs and incurred in year 0.  Ongoing capital spending  for each period j is determined as the inflated annual assumed capital works program.

										(B6)

Plant capital costs  give rise to tax depreciation () such that if the current period was greater than the plant life under taxation law (L), then the value is 0.  In addition,  also gives rise to tax depreciation such that:

									(B7)

From here, taxation payable at the corporate taxation rate  is applied to less Interest on Loans  later defined in (B15), less .  To the extent  results in non-positive outcome, tax losses  are carried forward and offset against future periods.

					(B8)

					(B9)

The debt financing model computes interest and principal repayments on different debt facilities depending on the type, structure and tenor of tranches.  There are two types of debt facilities – (a) corporate facilities (i.e. balance-sheet financings) and (b) project financings.  Debt structures available in the model include bullet facilities and semi-permanent amortising facilities (Term Loan B and Term Loan A, respectively).  

Corporate Finance typically involves 5- and 7-year bond issues with an implied ‘BBB’ credit rating.  Project Finance includes a 5-year Bullet facility requiring interest-only payments after which it is refinanced with consecutive amortising facilities and fully amortised over an 18-25 year period (depending on the technology) and a second facility commencing with tenors of 5-12 years as an amortising facility set within a semi-permanent structure with a nominal repayment term of 18-25 years.  The decision tree for the two Term Loans was the same, so for the Debt where  = 1 or 2, the calculation is as follows:

								(B10)

 refers to the total amount of debt used in the project.  The split (S) of the debt between each facility refers to the manner in which debt is apportioned to each Term Loan facility or Corporate Bond.  In most model cases, 35% of debt is assigned to Term Loan B and the remainder to Term Loan A.  Principal  refers to the amount of principal repayment for tranche T in period j and is calculated as an annuity:

							(B11)

In (B11),  is the relevant interest rate swap (5yr, 7yr or 12yr) and  is the credit spread or margin relevant to the issued Term Loan or Corporate Bond.  The relevant interest payment in the jth period  is calculated as the product of the (fixed) interest rate on the loan or Bond by the amount of loan outstanding:

									(B12)

Total Debt outstanding , total Interest   and total Principle  for the ith plant is calculated as the sum of the above components for the two debt facilities in time j.  For clarity, Loan Drawings are equal to  in year 1 as part of the initial financing and are otherwise 0.  

One of the key calculations is the initial derivation of  (from eq. B10).  This is determined by the product of the gearing level and the Overnight Capital Cost .  Gearing levels are formed by applying a cash flow constraint based on credit metrics applied by project banks and capital markets.  The variable  in our PF Model relates specifically to the legal structure of the business and the credible capital structure achievable.  The two relevant legal structures are Vertically Integrated (VI) merchant utilities (issuing ‘BBB’ rated bonds) and Independent Power Producers using Project Finance (PF). 

	(B13)				
Credit metrics (for Balance Sheet Financings, Funds from Operations over Interest, and Net Debt to EBITDA respectively; for Project Financings, Debt Service Cover Ratio and Loan Life Cover Ratio)  and  are exogenously determined by credit rating agencies and are outlined in Table 2. (Values for  are exogenously determined by project banks and depend on technology (i.e. thermal vs. renewable) and the extent of energy market exposure, that is whether a Power Purchase Agreement exists or not.  For clarity,  is ‘Funds From Operations’ while  and  are the Debt Service Cover Ratio and Loan Life Cover Ratios.  Debt drawn is:

			(B14)

At this point, all of the necessary conditions exist to produce estimates of the long run marginal cost of power generation technologies along with relevant equations to solve for the price  given expected equity returns  whilst simultaneously meeting the constraints of  and  or given the relevant business combinations.  The primary objective is to expand every term which contains .  Expansion of the EBITDA and Tax terms is as follows:

	 							(B15)

The terms are then rearranged such that only the  term is on the left-hand side of the equation:

Let   

 						(B16)


The model then solves for  such that:

 								(B17)







Appendix C: REZ Optimisation Model – Line Ratings

Consider the double circuit 275kV radial REZ in which 1,700MW of renewable plant capacity has been connected at three locations.  Maximum power flows were defined by Eq. (A1) and are illustrated in Figure C1.  Note on the LHS of Figure C1 where both circuits are in service, maximum power flows in summer are constrained to 1,536 MW.  Specifically, both conductors are capable of operating 768MW each, or 1,536 MW in aggregate per Eq. (A1).

Figure C1 - Double circuit 275kV credible transfer capacity – summer 
[image: ]
The RHS of Figure A1 illustrates how transfer capacity is limited following the credible loss of a circuit (e.g. lightning strike).  Following the loss of a single circuit, the system must adjust instantaneously using a ‘post contingent’ runback scheme.  This is clearly illustrated on the RHS of Figure C1.  The three connected generators are constrained to 1,144MW (i.e. under the runback scheme).  This constraint is bounded by the emergency summer rating the remaining conductor in-service, at 1 144 MW.

Simultaneously, the system operator’s FCAS suite of 750 MW (enabled) will be called upon in real-time for 392 MW of power to rebalance the system (i.e. 1,144 MW + 392 MW FCAS = pre-contingent output of 1,536 MW = 2 x 768MW). 
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