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Executive Summary

CS Energy has commissioned Intelligent Energier8gs(IES) to prepare a report which, in
summary:

odocuments a credible and coherent package of NEM auction reforms that implements marginal
LINAOAY 3 LINRYOALX Sa FyR Fft26a Y2NB Fdzi2y2Y2dz

The motivation is a perception that the Nanal Electricity Market (NEM) relies more than is
necessary on performance standards, regulation, participant direction and action by non
competitive entities such as monopoly networks, as well as on mechanisms that have market
elements but which do notmplement marginal pricing as well as they could or should.

The report covers three closely related areas where arrangements can be improved to gain the
benefits of marginal pricing, namely:

1 arrangements that operate within the half hour trading interval;
1 the dispatch and pricing engine (NEMDE); and
1 fees and charges

Each of these broad areas is described and elements identified where outcomes could be
improved. Specific proposals for pmovement are then presented andistussed in each of
these areasThey are then brought together into acoherent improvement package with an
associatedmplementation strategy.

Arrangements within the half hour trading fail to implement marginal pricing principles in many
ways, including:

the process of averaging 5 minupeices for settlement;

1 the artificial step changes in price that occur between trading interval and, potentially,
between dispatch intervals;

1 the completely different treatment of Frequency Control Ancillary Services (FCAS) which
are based on enablementttaer than performance

1 the cost allocation process for FCAS which, at best, is distorted (as with causer pays) and at
worst ineffective (as with contingency FCAS cost allocgtizmd

1 the lack of any current mechanism to value and encourage inertia arndff@guency
response.

We propose an upgrade package which takes the form of an additional service. It would have
the effect of converting the currentlistorted energy and FCAS pricing into a smooth price
trajectory which dynamically adjusts to promote dnéencyand Time errorstability under a
range of disturbances.Participants responding to these marginal price signals hglp keep

the system secure and reliablélThe package would alssould support theemerging need to
promote and support inertia ah fast frequency response. It could be implemented in stages,
but relatively quickly if the commitment were made.
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The second component of the package is a set of possible upgrades the thati@nal
Electricity Market Dispatch Engine (NENIDEhe currenNEMDEhas served the market well

but its underlying modelling approach, while it has been improved over time, is now about 20
years old and could benefit from an upgrade. Areas that could be considered for improyement
along with associated Rule changelude:

determination ofMarginalLossFactors(MLFs)
treatment of security constraints
contingencyFCARost allocation

modelling of offer profiles and regional demarahd

= =4 -4 -

71 valuing reactive power, voltage and system strength

In some but not all cases an upgrade may involve inclusion of a full network modeglaidier

DC load flow and, for advanced prototyping, an pger flow model. These options in turn

may require, or could benefit from, use of a nbnear solver. The advantages of these
upgrades are that the dispatch process could be made more trapspamore stable and able

to make fuller use of the network. Rule changes may be required in some cases e.g. to move to
dynamic MLFs.

The upgrades to the intrehalf hour processes and the NEMDE would in themselves promote

better cost allocation in key ags, specifically in the allocation of FCAS costs. However, we
recommend that the allocation of all fees and charges be reviewed to ensure that price
sensitive participants do not make inappropriate decisions based on how those fees and
charges are levied

One important area for review is how market development is to be funded. Pressure from
participants can lead to underfunding when market improvements are most needed. There is a
role for governments to support market research, development and demotigtractivity in a

more focussed way than it does at present.

Finally, we present a eordinated improvement package and implementation strategy that
draws all these elements together. Key features of the implementation strategy are:

1 a focus on fast prottyping to uncover development issues and to give participants an
insight into the new arrangements before going live;

1 even when going live, a focus on phasing in the arrangement wherever possible, so
participants can learn how to adjust their operationghiéy need to;

minimal disturbance of existing systems on ierpkntation;
7 low cost and development pathways initially; and

scope to upgrade to more advanced implementations over tiineorder tosupport system
requirements for services such as inertiadafast frequency response.
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1.1

1.2

INTRODUCTION

Introduction

Background

CS Energy has commissioned Intelligent Energy Systems (IES) to prepare a report which, in
summary:

odocuments a credible and coherent package of NdiMtion reforms that implements
YENBAYFE LINROAY 3 LINAYOALX Sa yR Fftft2ga Y2NB

The motivation is a perception that thdational Electricity MarketNEM) relies more than

is necessary omperformance standardsgegulation participant directionand action by non
competitive entities such amonopoly networks, as well as ormechanisms that have
market elements but which do not implement marginal pricing as well as they could or
should.

Marginal pricing is associated witompetitive markets. Promotion of competition in
electricity markets is a central tenet of the Australian Energy Market Commission (AEMC).
In a 2016 speech on storage technakesythe AAMC ChairmanJchn Pierce said?

GLY aK2NIzZ ySg U SsOkdeR, fcaufed With cdngtiMed dedaiopryest

of the energy sector, mean the biggest gains will come from network tariff reform and
redrawing the line between what is subject to economic regulation and what is
O2YLISGAGADSE

As this report will demonstta, re-drawing the lwundary between what is rgulated or
poorly pricedand what is cmpetitive and priced according to marginal pricing principles
can be applied to the NEM more broadly, not just to netlwpridng and regulation

What this Report is About

The focus of this report is improving theperational and pricing machinery of the
wholesale marketof the NEM and, specifically, the operations and pricing close to real
time. We see progress in this area as a necessary condition for dealing withfthe ra
challenges facing the electricity sector in Australia in 2017 and beyond.

Maintaining system frequency is a requirement for the system to remain in a secure state.
The auction marginal price signal can be improved by incorporairrgal time price
component into settlements based odeviations from systentbasefrequency which are
driven by very short term fluctuations in supply and demandBy including system
frequencyerror (and time error)into prices, through adjustments to the marginal price,
participants will keep the system secure and reliable and be paid for doing so.

labS¢ (S OKyawig ha Bebétwaddbwhat is subject to economic regulation and what is
O 2 Y LIS i Jolin Pigre¢ Chairman, Australian Energy Market Commission, a paper presented at the Electricity
Energy Storage Future Forum, 23 February 28%@ney Australigpl.
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1.3

1.4

INTRODUCTION

Upgrades to the dispatch engine may allow for metable and predictable dispatch price
outcomes, more effective optimisation of security constraintspetter treatment of
marghal losses and potentially, reactive powey reducing costs by optimising asset
utilisation. Improved calculations will improve marginal decision making by participants,
reducing costs.Potentially also, the opportunities and requiremts for improving gstem
strengthcould become more transparent.

Following this approach, the NEMill need to rely less on interventions, regulations,
technical performance standards, separgteefined ancillary services, network monopoly
provision, obligations, price capsd other heavy handed mechanisms

With improvements in technology and measuremefibancial incentives will provide the
boundaries for market participants to competwith a reduced needor specifications,
central systems andigid compliancerequirements. With these developments arket
participants willincreasingly includeonsumers storage as well as producersvith no
requirement fordirect control by networks odominant retailers.

Ly | GNIyaLI NByd YN SG 6 the anxidader faduréldf A OA LI

Energy Only Markets that exists today, (with regulated price caps aneprioa rationing
of demand) Camsumers willmore easilyreveal their value of reliability though their
consumption decisions and the market will clear.

What this Report is Not About

Current policy challenges the NEMinclude gas supply and pricing, market concentration,
competition in retail market, 0 KS | LILINRF OK (2 ! dzZAGNY € Al Q&
sector, aspects of governance and a pervading serof policy uncertainty inhibiting
investment. Important as they are, these aspects arethetsubject ofthis report.

More innovative approaches to anginal pricing caralso substitute for heaviethanded
approaches within distribution networks. Forample, it is not hard to envisage a pricing
regime for distribution network constraints which could render superfluous centralised
control or even ownershi@nd/or control by regulated network®f technologies such as
batteries. However this reporfocuses on wholesale market improvementmly.

Opportunities for Improving the NEM Auction

The National Electricity Objective (NE&3 stated in the National Electricityaw is:

SY

a2 LNRY23dS STFAOASYU Ay@SaltyYSyd wygevicdssyR ST

for the long term interests of consumers of electricity with respectddce, quality, safety,
reliability, and security of supply of electricity; and the reliability, safety and security of the
YEadA2ylf St SOGNROAGE agdaidSyoé

To these can baddedsupplementaryprinciplesthat suppot the NEO, including:

1 effective support for government environmental objectivesd

Intelligent Energy Systems 2



INTRODUCTION

1 The markedesign pinciples set out on ChapteCause 31.4 of the National Electricity
Rules NER which, in summary, includethe following requirements (See Appendix A
for the full text):

1. allow Market Participantghe greatest amount of commercial freedom to decide
how they will operate in thenarket

2. maxinmisethe level ofmarkettransparencyto allow for responses that reflect
underlying conditions of supply and demand;

avoid any special treatmemif different technologies used byarket Participants
consistency betweenentral dispatctand pricing;

equal access to the market for existingdaprospectiveMarket Participants

o g > w

as far practicablanarket ancillary serviceshouldbe acquired through competitive
market arrangementsletermined on a dynamic basis

7. the relevant action under section 116 of th&ational Electricity Lawr direction
underdause 4.8.9 must not be affected by competitive market arrangements;

8. ancillary servicexharges should be allocated to provide incentives to lower overall
costs of theNEM and

9. where arrangements provide for AEMO to acquireaanillary service, AEMO should
be responsible for settlement of the service.

The trade-offs between price, reliability, security and environmental objectives
(specifically, accommodating renewable energy targeigpear partcularly stak at the

time of wiiting. One way of improving this traewf is through innovatiorg doing things
better than they were done beforeOur review of opportunities to improve pricing the
wholesale market has focused on three related areas. These will together make up a
coherent package that can be implemented quickly and then developed and improved over
time. These areas are

1 Market operations within the halhour trading interval

Within each hakhour, generators and market loads are given energy dispatch targets
each 5minutes and ancillary services are also deployed to keep the sysezmre

The design is inteded to dispatch efficiently, buthe confusedpricing of energy and
ancillary servicewithin the half houris inadequate to deal with curm security
challerges andemergng changes irtechnolog. The failure to include security services
in_wholesale pricing is a market failure that can be rectifiedurrent rule change
proposals under consideration Y EMCdo not fully address this issue.

1 National Electricif Market Dispatch Engine (NEMDE

This core system was designed and implemented 20 years ago and has undergone only
incremental improvements since. Although it has served the NEM well until recently,
its capabilities are now well behinthose of state-of-the-art systems now being
deployed in other marketsNEMDE is due for significant upgraat only to bring it

to state-of-the-art, but to better deal with the specific challenges now facing the NEM

Intelligent Energy Systems 3



1.5

INTROWCTION

91 Allocation ofcosts andfees

The allocatiorof costs and fees in the NEM agenerally highly smeared and do not
provide clear marginal cost signdds participants to minimise the costsEven in cases
where some attempt hasden made to allocate costs efficiently, such as Causer Pays
in FCAS regdation, implementationhas smearedthe price signalby removng the
application of the pricdrom real time The structure of market fees has also put a
brake on market development as AEMO has come under pressure from participants to
reduce costs. The oher recommendations of this report open up opportunities
revisitcost allocation arrangements the NEM

Structure of the Report

As noted above,His report coversthree closelyrelated areas wherarrangements can be
improved to gain the berfis of marginal plicing namely:

1 arrangements that operate within the half hour trading interval;
{ the dispatch and pricing engine (NEMDE); and
1 fees and charges

Sections 2, 3 and 4 review the current status of these arrangements. They also offer a
critigue of where these arrangements could better meet the National Electricity Objective
and the principles for the dpatch process id out in theNational Electricity Rules.

Sections 5, 6 and 7 present specific ppegls for improving these arrangements.

In Sectdn 8, these proposals are brought together into a market auction upgrade package
and implementation strategy.

Section 9 contains the Conclusions of teeort.

Intelligent Energy Systems 4



2.1

CURRENT ARRANGEMENTSBHIN THE TRADINBTERVAL

CurrentArrangementswithin the Trading Interval

Energy Market Dispatch and Pricing

While thetrading interval br settlement d the spot market and, by exnsion, settlement

of most energycontracts is half an hour, the market is dispagdrand a price of energy
determined each 5 minutes. Separate prices are determined for each of the 5 NEM
regions, and settlement amounts are adjusted by fiXddFswhose values are periodically
revised by AEMO.

The logic for determining th&-minute dispatch schedule and spot price is implemented
within NEMDE This is considered further in Sectidn This Section is concerned with how
the 5-minute price is used for settlement. The detailed process is as follows:

1 Just before eaclk-minute boundary, AEMO gathers data on tharrent state of the
system through its SCADA systeand, using this as a starting poiatong with
participant offers and other dataruns NEMDE to determine tlaperating schedule to
meet the regional loads projected 5 minutes ahead.

1 NEMDE assumes that participant plant ramps linearly to the scheduled operating level
5 minutes in the future. AEMO requires participants to conform to this dispatch
schedule as closely as possible.

1 The regional prices that NEMDE determines are actuadlyntarginal value of energy
at a time 5 minutes in the future at the next5-minute dispatch boundary Because
this price is calculated ahead of time, it is called an ex ante price. 5 minute dispatch
with ex ante pricing is a feature of the AustralianNNE

1 To determine a settlement price

- settlement is based on the regional price in each region, adjusted by ;MLFs

- the 5-minute ex ante price is assumed to apply over the whole of hminute
period prior to its application;

- the six 5 minute prices are aritietically averaged to get the half hourly regional
price for the region, which is adjusted by fixed Marginal Loss Factors (MLFs) for
participant settlement;

- the half hourly energy used for settlement is that measured by half hourly
participantrevenue metes, even though the system is managed in real time using
SCADA metering.

We can illustrate this mrcess in the diagram ofigurel below. A Time = 0 (minutes)
NEMDEdetermines a price of $40/MWh and a schedule for the illustrated participant
requires the unit ramp from its current level to around®MW in 5 minutesas shown in
dashed red. The price of $40/MWh is assumed to apply over this wholaute period.

At the 5 minute boundary a new price a further 5 minutes ahead is determined at
$60/MWh, together with a trajectory for the unit, to ramp down in this case (the unit must
have increased its offer price). That $60/MWh price applies for the whole intervas T
process continues to the end of the half hour, as shown.

Intelligent Energy Systems 5



CURRENT ARRANGEMENTSBHIN THE TRADINBTERVAL

The settlementprice for the half hour is calculated as trerithmetic (time) average, as
shown by the green horizontal line. This is used for settlement (with MLF adjustment),
notionally of theenergy under the red dotted tragory. However, thigphysicaltrajectory

is not used, for two reasons. First, the unit will never follow this trajectory exactly.
Second, the real time operations are based on SCADA real time readings, which are less
accurate than revenue meters. Therefore, settlement is based on the more accurate
revenue meter half hour readings, and the averaged half hour price.

Figurel: Example of 5 Minute Dispatch and Héibur Pricing
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It is immediately gident that, within the half hour, his logic violates marginalost piicing
principles. Nowheredoesthe time averageprice equal a callated margna price from
NEMDEwhich is the effi@nt price.

Why is the price calculated in this wayAt the startof the market, the half hour trading
interval was agreed early orlLater in the design phase of the market, the advantages of
minute dispatch were recognised (and remain valid today); 5 minute dispatch greatly
reduces the need for ancillargervicesto balance supply and demand services dnd
system operator intervention to keep it secure

This change in philosophy raised the question of hbwe half hour trading interval for
settlement was to be reconciled with tHeminute dispatch price. The simple solution was

to arithmeticaly (time) average the six 5 minute prices in each half hour. The effect of that
decision is the average of the 5 minute piecewise constant ex ante prices as described
previously.

This was recogniseas a compromise and an approximation, but acceptable because no
one imagined thatloads in particular could or would do much within each half hour.
Furthermore, generators could live with the approximation involved.

Intelligent Energy Systems 6



2.2

CURRENT ARRANGEMENTSBHIN THE TRADINBTERVAL

Interestingly, and in contrast, the BS markets implemented a few years lafar around

2001), have been settled on a 5 minute basis from the start. But this approach for FCAS did
not present the same revenue meter challengesSasiinute settlement in the energy
market could have donebecaise they are not settled the basis of measured energy

At the time of writingthe AEMCis considering a rule change proposal from Sun Metals
which would aim to implement Bninute settlement for energy.In essence, the aim is to
settle on the stepped pricerofile in Figurel, rather than the averaged flgirice profile.
The aim is to provide a shaer price signal to participants, and specifically fast response
options. It would be implemented by settling each dispatchable element on its own
generation or load weighted price.Nondispatchableloads and generationwould be
treated as a residual. A range of variations on tare being consideredby AEMC
Submissioa suggest little current participant support for the change, based on a range of
arguments including the extent of system changes that would be requiéficulties for
gas fired generation with statip timesand the disruption that could occur to thewotract
market. Theseissueswill be discussed further later in this report.

Another factor thatsometimesresultsin a departure from marginal pricing principles for
some participantds the market design elemenhat settles all participants in a regioat
the regional spot price adjusted by a constamarginal loss factor. This is usually a
reasonable approximation to marginal pricing, except whesses vary widely or whea
unit is constrained on or off by an intr@gional security constraintWhena constraint is
binding, there will be a discrepancy between pricing and dispatthis issue has been

consideredin the pasto @ (GKS ! 9a/ Ay | NM¥z S OKIy3aS LINR

I O O S amadtednativeapproach is to implement full nodal pricingth firm transmission
rights. Nodal pricing igechnically possible but can shrink the size of regional markets.

EnergySpotPriceStep Transitions

The concept of 5 minute settlemeaippears sound on the basis for first principles because
the variationsin marginal prices that can occur within a half hour would be shown to
participants and their generation or load settled on that basi§his is important for
optionssuch as batteriethat can respond quicklyFurther, with increasing penetration of
renewables into the system, system security will requinat more fast response options
be availableas time goes on, including a minimum level of inertia

However, the stepped price profile ¢figurel cannot represent a true marginal cost, as
cost curves of generation are, taken as a whole, continiamgssmooth? Even when costs

are modelled as piecewise constant marginal cost curveth@sare in the NEM), the price
would not step suddenly tdhe price 5 minutes ahead This is notjust a theoretical
proposition of no practical interest Large scale penetration of batteries could respond
rapidly to this step price changéf exposed ¢ it) and destabilise the systemGenerators
would also be incentivised to respond, yet this is presently prohibited under the Rule 4.9.8
(which requiresabsolutecompliance with dispatch instructiops It would be against the

2DSY SN G2NBR FYyR f2FR&a Oly KI @S adSL) OKFy3as8a Ay GKSAN 024l
local discontinuities do not affect the continuous and smooth nature of an aggregated cost curve.
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CURRENT ARRANGEMENTSBHIN THE TRADINBTERVAL

intent of the market to userules and regulations to manage this problem; one seeks a
market approactso marginal prices must be improved

When the NIMDE is run at a speaif5-minute boundary, it is targeting a time 5 minutes
ahead. Thalispatch targets and thericesit calculates appy to that time. The scheduled
generators are modelled to ramp linearly from the current MW level (as measured by
SCADA) to the target level. Use of the calculated price over the whole prior interval is a
convenientartifice for simple settlement, bt not reflective of marginal costsA much
better approximation is illustrated iRigure2 below; just as scheduled units ramp from one
MW level to another, so doethe price The ramped price is the solid linad the ramped
schedule is shown dashed. To simplify the diagram, we have assumed that participants
follow their dispatch trajectories

Under a ranped price r@ime, partidpants woud not be encouraged toswitch at 5 minute
boundaries; they would wait for a price that suits them. This would encourage switching
diversity and greater price and operational stability.

To calculate settlement under this arrangement, one needs to accumulate the product of
MW overa small periodtb measure energy over the interyakith the corresponding price

as indicated by the green doubleaded arrow This is not a difficult calculation with the
appropriate metering on plageeither in real time through SCADA or a with a allig
programmed revenue meter.

Figure2: Rampng Price and Dispatch Trajectories
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The trajectories shown can be interpreted as scheduled trajectories for dispatch ané price
In practice, generators never follow their linear trajectoriesor is there a compelling

3 AEMO actually s@dules generators from their SCAB#easured starting limits from eachr@inute boundary. Thus
AEMO would view dispatch trajectories as discontinuous. For our proposed development options, we prefer to think
of these trajectories as moving from one targetanother to avoid price discontinuities.
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2.3

CURRENT ARRANGEMENTSBHIN THE TRADINBTERVAL

reason to require them to do so if frequency and other security elements are managed
within bounds. Also, wecan conceive of a mechanism thaaries the price seefby a
market element so thatthe payment adjustmenipositive or negativedepends on its
performance in helping to stabilise the systenThis is normally the job of Frequency
Control Ancillary Services (FCAS) as described in the followirggstibn.

Frequency Control Ancillary ServicdsCAS)

Five minute schedulegven if diligently followedare not sufficient to manage the energy
balance in the systemlLoad Forecast errorgenerators either norscheduled or simply
not following their schedules,shat term load variations, and the differensebetween
model outputs and reality all combine to require a real time adjustment of power inputs
and outputsto keep the system within prescribed frequency bounds. This is the role of
FCAS.

The NEM defines twolasses of FCAS; regulation and contingency. Regulation deals with
the small but cumulative variations that occur all the time. Contingency services deal with
larger events such as large generattivad or interconnector (single line) trips Why the
difference? The main difference is that contingency services need to respond to a
frequency deviation event quickly and autonomously, whereas slower moving regulation is
currently managed centrally though real time SCADA measurements sent to AEM®A, wh
sendslower and raise signals to generators dependinchayh or low frequency

Because someaupply FC/ options are unidirectional, FCAS services are alassed as
raiseor lower. Within eachsuchclass, there is one regulation service ahdre arethree
contingency servicesequiring responses at 6 seconds, 60 seconds and 300 seconds
respectively 0 there are 8 FCAS services in total. It could be possible to define additional
services, covering fastresponse and inertia, but that has not been donegHar.

'yYEA1lS SySNHeéesx C/!'{ A& LINRPOd:NBR 2y Iy a?
unit is essentially contracted each 5 minutes to stand by to provide the service when
needed. In the case of regulationehwill be used all the timeput not necessarily to the

full MW enabla@. In the case of contingency, they will be called upon much less often,
perhaps doing nothing for weeks at a time.

Each FCAS is procured competitively each 5 minutes though a bidding process integrated

with the energy dipatch process managed and optimised within the NEMDE. The
requirement is generally set by AEMO, so AEMO pays for the amount enabled at the
market price determined by NEMDE each 5 minut&® some key features of FCAS are:

. AEMO pays for enablement, nattual performance.Each supplier is responsible for
its performance orit faces enforcement action by theAustralian Energy Regulator
(AER.

1 AEMO must recover the cost of each service. Generally, raise servicecavered
from generators prerated byenergy, with lower servicesecoveredfrom loads in a
similar way. Networks are excluded from the cost recovery process.

Intelligent Energy Systems 9
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2.4

2.5

CURENT ARRANGEMENTS MIN THE TRADING INRVEAL

The exeption to the above method otost recovery is with regulation, where a
process called Causer Pays is applied. Urdsmrracess, SCADA measurementshaf

SEGSyd 2F 4OFdzas8é 2F TNBdSyOe GINARIFGAZY

expressed as a percentage factor. Regulation ramHower costs from the following
settlement period are then allocated according toose precalculated factors. This
process appears to be moderately effective but is watered down by not being applied
in real time. Further, the approach is one sided; it char@edirectly)for causation

but does not rewardservice provisionwhetherit be enabled or not. Performance
with the provision of FCAS when enalilehas to be manage@administratively by
enforcingregulatory Rules

Other Secuity Requirements

Within the half hour, searity requirements other thanfrequency control also need to be
managed. These are typically requirements to protect the network and stable operation in
case of network outagesmplemented as security constraints within NEMDE as outlined in
Section3.2. The effect of these constraints is to adjust the dispatch targetnsure that

the system remains stable after a network outageenerally, the only requirement here is
that dispatch targets be followed to a reasonable degy there is no real time requirement
except in special cases where a protection scheme might be implemented.

There are also other mechanisms that operate within the half hour, such as the Fast Start
Inflexibility Profile used to commit scalled fast stet generators.

2 KFGQa 2NRy3I 6A0GK (GKS [/ dzZNNSyd ! NN y3aSysS

Areas where marginal pricing principles are violated in these processes are summarised
below.

1

The time averaging of 5 minute dispatch energy prices to get ahoalfly energy price
for settlementdestroys the price signals operating within the half hour, most notably
when prices are chajing rapidly for some reasgrsuch asthe binding ofsecurity
constraints

Evenif this problem were to be fixed with some form of 5 minute settlement as
currently under consideration by the AEMC, step changes in price every 5 minutes,
made available ex ante, could ultimately be exploited by fast acting technologies such
as batteries or by generators deliberately deviating from dispatch instruction&/hile

a controlled response of such technologies is desirable, if driven by artificial step
changes in price their responses could be detrimental to the efficiency of the market
and even system stability. While AEMO could attempt to correct for sugorese by

I R2dzadGAy3a AdGa t2FR F2NBOlIadAy3as NBfeaAy3
market outcomes is not a satisfactory approach. AEMC has not so far mentioned this
issue in its evaluation of th&minute settlement rule change proposal.

The regyulation FCAS markets are entirely driven by enablement rather than actual
performance in provision. Poor performance in provision does not have a direct
financial consequence. The regulation FCAS requirements (raise and lower) are
relatively arbitrarilyset, based on experience. Regulation FCAS cost allocation is by

Intelligent Energy Systems 10
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CURRENT ARRANGEMENTSBHIN THE TRADINBTERVAL

GOl dzaSNJ LI ea¢ FILOG2NARET 6KAOK A& | YINBAYLf
by having them apply to settlement in the month after their values were determined.

The enablement bregulation FCAS from each participant can undergo a step change

at each5-minute interval, possibly inhibiting smooth and efficient operation.

f As with regulation FCAS, contingency FCAS markets are driven by enablement rather
than provision. This is morenderstandable than it is for regulation because the need
to provide contingency FCAS is relatively rare; contingency FCAS is like insurance.
Costs are allocated to generators (for raise) or customers (for lomsemarginal costs
in $/MWh volumetric cheges, yetcannot in practice be avoideldly changing such
volume The actual causers of contingency FCAS incidents (including networks) are
immune from any financial penaltiyom that incident The requirements are set by
the largest credible contingencgffecting a region or set of regions, but these are
generally not optimised within NEMDHKinterconnector contingencies being an
exception)and costs are not allocated according to that logic.

1 FCAS services in practice can only be provided by direct magakitipants and much
of it under centralised control by AEMOEach market is highly specified to create
homogeneity (a prerequisite in commodity markets), yet this creates boundary issues
and barriers to entry for incumbent generators and entrants th&tyd Q{4 |j dzA G S T A
This philosophy restricts the range and volume of possible providers. A recent
GF I3INBIFG2NE NHz S OKIFy3aS Yireée KSfL) odzi A& 2\
1 While energy provision and FCAS enablement are optimised within NEMDE, there is no
evident relationship between energy and FCAS prices. Philosophically, there should be
a smooth transition between the provisioof FCAS within the 5 minutes and the
energymarket

1 FCAS services are generally system wide except under specific circumstances where a
credible contingency may cause system separation. There may be merit in considering
more regionallypased FCAS provision, especially for regulation FCAS. Anobimgst
things, this could support tighter control of interconnector flows.

1 While AEMO and AEMC have recognised a need for inertia and fast frequency
response services, there are as yet no serious proposals under consideration for how
such markets might worlor, more sensibly, how existing market signals could be
amended to incentivise these service3he default approach is to hand the task to
regulated entitie§TNSPs. ! 9a/ Q& OdzNNBy i | LILINEnin@&K A&
settlement as a standalone issue very chufocussed on a particular model put
forward by Sun Metals as a rule change proposkleating every issue as distinct or
separablemakes no sense.

1 TheNEM is an Energy Only Market that operates with a price cap and a separate
mechanism to procure suppé with costs in excess of the cap (Reliability and
Emergency Reserve Trader). When the system operator sheds load, this rationing is
notbasedonpriceAy G KS&S OANDdzyaidal yOS &refersbfy, aw I NJ S
energy only markewould not have gorice cap, but instead have sufficient demand
elasticityso thatconsumersare happy torespond by rationing their own consumption
when price escalates The ron-price rationing of demand, when consumers have
differing levels of utilityis a market failwe.
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2.6

CURRENT ARRANGEMENTSBHIN THE TRADINBTERVAL

Assessment against Market Riciples

Qurrent arrangements can also be assessaghinst the market principlesf Appendix A.
Thecurrent context needs to be kept in mindkor example

1 the system today may need more options that can respandckly within the half
hour,

f newer technologies such as batteries and improved communications and control can
deliver that capability more effectively than 20 years ago

1 highelectricity costhaveignitedmoreinterest in managing loasl
even though a service may berocured ©@mpetitively at present, there may be

alternative mechanisms that better reflecbarginalpricing priciples to deliver a more
efficient outcome.

Tablel following summarises the assessments of the previoussadbion against these
principles, taking account of the current context.

Intelligent Energy Systems 12



CURRENT ARRANGEMEMNTSBHIN THE TRADINSTERVAL

Tablel: NEMDispatch Proces€onformance to Market Principles

No. | Principle (summarised) | Comment on NEM Approach as of March 2017 Assessment
1 Commercial freedom for Scheduled participants have freedom to participate or no Could be made more.erX|bI
participants Freedom within the &minute dispatch interval i and ope_ned up to a wider s

circumscribped by conformance rules, sometin of participants.
unnecessarily.

2 Market transparency Generally good in the wholesale spot market part of | Maintain transparency with
NEM. any new development.

3 Technology Neutrality Current rules appear to favour large, slow mov The current rules wereg

schedulable technologies; albeit circumscribed

compliane obligations.

New technologies such as batteries and other fast
limited duration options may be restricted by priq
distortions within the half hour, even though the systg
would value their services, especially with increas
renewable penetration.

Secifically, inertia and faster frequency response is
supported in market arrangements.

formulated  when most]
participants were slow
moving and could be
scheduled. The requiremer
for large, fast responses we
less than it is nover will be in
future.

Intelligent Energy Systems
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CURRENT ARRANGEMEMNTSBHIN THE TRADINSTERVAL

No. | Principle (summarised)

Comment on NEM Approach as of March 2017

Assessment

4 Consistency between
central dispatch and
pricing

il

Violated within the half hour due to current pricing rule
This distortion greatly affects fast response options but |
for slow moving options.

Some distortion also from the asof regional rather thar
local nodal prices for settlement.

Nonscheduled market participants not circumscribed
compliance obligations.

1 The current distortions withir
the half hour can and shoul
be corrected.

1 Regional pricing  shoul
remain.

5 Equalaccess for existing
and prospective Market
Participants

Nonscheduled fast response potential participants (such
battery operators) have limited opportunities to participa
in energy and FCAS markets.

Definition of numerous FCAS markets with syste
standards, registration, etc. are more difficult to access th
frequency control costs integrated into system margi
prices.

7 Rules can be developed whig
are more neutral ancg
sympathetic to new marke
participants who do not wisk
to be scheduled.

6 Ancillary Services market
to be competitive and
dynamic

FCAS enablement markets are competitive and dynamic
require complex rules, standards and systems to function

For scheduled participants, there are no incenti
(restrictions as well) to competin real time within the 5
minute dispatch interval. For nescheduled participants
there is the freedom to respond as they wish.

1 Improvements are possibl
with a real time usage marke
in FCAS.

Intelligent Energy Systems
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CURRENT ARRANGEMEMNTSBHIN THE TRADINSTERVAL

No. | Principle (summarised) | Comment on NEM Approach as of March 2017 Assessment
7 Section 116 of the 1 Not applicable to this project. 1 Not applicable
National Electricity Law
not affected
8 Ancillary Service Costs 1 Contingency FCAS is smeareq across broad _classeg SR _If a FCAS usage market
allocated so as to be generators & loads as a marginal cost associated with implemented, a lesser burde
avoidable if possible consumption or supplpf energy, yet changing consumptiq would be placed on FCA
or supply (unless the largest contingency) does nothing enablement markets. Cosi
avoid these costs. couldbe allocated so as to b
1 Networks do not receive any cost allocation for continge avgiQabIe anq therefore mory
FCAS, even though they can often affect FCAS costs efficiently. This is not done &
1 Regulation FCAS costs are parfectly allocated unde fr:etsft?t bap[d)arently Idfol; f;aa\
causer pays due to lagged application of Causer | h at the burden WO?, _ etoc
factors, netting rules and other compromises in t €avy on some participants.
calculations.
9 AEMO to settle Ancillary Done at the spot market level 1 Any improved arrangement

Services market

Any bilateral contracting for these services should not

settled by AEMO

would continue to be settlec
by AEMO.
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3.1

THE CURRENT PRICAND DISPATCH ENGINE

The CurrentPricing andDispatch Engine

The NEMDispatchEngine was designed 20 years ago and has only been maintained and
tweaked at the margin since then. In the intervening period there have bweajor
advances in computer and optimisation technology, bringing a far more capable dispatch
engine within reach. Other comparable markets have or are in the process of refreshing
their systems to take advantage of this improved capability.

The NEM dispah engine implements the dispatch process as defined by the Rules, but
many details of that process are not defined in the Rutes should they beThe following
sub-sections define areas of the NEMDE which could be improvedeet the emerging
challengs facing the NENh the light of the analytical technology now available

Determination of MarginalLoss Factors

The NER specified that Marginal Loss Factors (MLFs) should be constant over the day, week
and year but updated from time to time based on award-looking analysis done by
AEMO. Only losses between regions are modelled dynamicallynder the current
approach, AEMO carries out forwalabking off line studies to estimate future weighted
average of MLFs within each region, as well as equatitatsadequately model (hopefully)

the inter-regional loss relationships for use in the dispatch model. The requirement for
intra-regional MLFs to be fixed is a particular constrawasjustified initially (pre 1998) to

make contracting simpler.

This losgreatment has proved to be problematic. While many MLFs are sinatbrkably
constant, in more remote areas the network flows can be highly variable and even tidal
especially where intermittent energy sources are involvédLFs should vary accordingly
AEMO has implemented a humber of fixes to partially deal with these problems where they
occur (for example, by implementing directional MLFs) but with more remote power
supplies coming on stream, the problem can only get worse.

Participantsunderstandthat hedging can never be perfect and could work with dynamic
MLFs. They would quickly learn the pattern of behaviour of their MLFs and contract
accordingly. Gontracting inan environment where AEMO updates MLpariodicallyalso
carriesrisks One majo advantage of introducing dynamic ML¥suld beelimination ofa
whole layer of AEMO activithat in many ways pre&mpts market outcomes

Problems with loss modellinglso arise within NEMDE when prices become negative, as
NEMDEhen uses the high loss egments without using the low loss onéisst ¢ physically
impossible. This could be fixed at some unknown cost to performance with a mixed integer
formulation, but AEMO chooses to detect such situations and do a secondvitmthe
possibility of a nofphysical solutiondcked out with a heuristic. This is an inefficient
process, especially when-rans are required for other purposes as well. The treatment of
this issue could be improved with more suitable optimiser technofogy.

4Theissueiss@ f t SO2¢PBEAGeé¢ Ay (KS Y2RSt 6KSy-camekit)&dnotdsS O2YS yS3l

made to go away, an upgraded, ndimear modelling technology offers a simpler and more elegantitsoh.
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3.2

THE CURRENT PRICAND DSPATCH ENGINE

Treatment of SecurityConstraints

To operate securely, the system must remain on or withifOdof f SR &a & SOdzNR (i &
Invariably this envelopis defined so that the system remains stable (but not necessarily
reliable) after any credible contingency such as a line or ggoeoutage.

The mechanism used in thélEM to define this security envelopdéor network
contingenciesis to apply a set of soalled generic constraints to the dispatch model. A
generic constraint is a linear inequality (a weighted sum of injections #itakes) applied

to the dispatch model that must be respected when reaching a solution, if possible
6az2YSiAYSa AlQa y20G LPaairof SHOO®

There are many possible contingencies that could occur at any one time and each
contingency could affect several critidahnsmission elements One cannot know which
ones might be critical in advance, so sets of constraints are developed waigclvheeled

in when requiredto deal with credible scenarios. These sets cover broad categories of
contingency issues such as:

1 keepirg the thermal loadingof network elements within desirable tolerances after a
line outage;

keeping voltage levels stable after a line outage; and

avoiding oscillations on the system after a disturbance from any source, specifically
over the longer interconectors.

Implementation of securitjconstrained dispatch is a large and important task for AEMO.
Over time, some improvements have been made to make these constraints more dynamic

N

AY  YIGdNBE 6adOK & AYLXESYSyGAy3 a2 1 OFttSi

contingencies) but the operation renres substantially offline.

As with constant MLE®ne consequence of formulating security constraints off line and in

I ROIyOS A4 GKEG 2y8S OFyyz2d Tdfte F002dzyi F2

Ol & S étrainds2aye HFormulated which inevitably contain a degree of slack. This means
that on many occasions the network is more limited in capability than it really needs to be
if current conditions could bbetter accounted for.

Many other markets have moved the dynamic generation of most security constraints,

to be imposed on a dispatch modél2 y (i KBach¥sbh& éctually operates in a tight
loop; a trial solution is tested for security and a new constraint generatdd & K2 G a i |
are used and othetricks implemented to reduce the requirement to test different cases,

this process can be made very efficient. Advantages of generating security constraints
dynamically are:

 the task of generating these constraints manually in advance would be subshkantial
reduced with a corresponding reduction in the risk of error

1 opportunities would open up to define constraints with less safety margin based on
current conditions, thereby extracting more capability from the existing network
without jeopardising secuny;
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3.3

THE CURRENT PRICAND DISPATCH ENGINE

1 potentially, a constraint formulated dynamically could be relieved by partes
technologies not yet considered for that purpose;

l9ah KlFa 32yS a42YS gl & R2ey GKAA LI GK gAGK
thermal constraints, but more coulde done.

Contingency FCAS Cost Allocation

The current NEMDE has a detailed arrangement teomtimise the dispatch of FCAS
services and energy, based on offers made into all of those markets. The requirement for
each is managed with a series of generic constraints, baotanycases the requiremd is

set externallyby looking to the largest generator online and setting the requirement at
that level, after allowing for load relief.

The biggest problem with the current setup is the allocationcoftingencyFCAS costs.
Regulation costs are allo@t according to causer pays logic which, although garbled on
implementation, attempts to allocatenarginalcosts to parties who can act to avoid them

in their marginal decision making (how well they comply with dispatch instructioBsit
contingency rais services are smeared across generators and lower services are smeared
across loadsA decision to change consumption or supply does not change the requirement
unless the decision is made advancedy the contingency that sets thequirement.

The formuhtion to set the FCAS requirement optimallithin the dispatch enginds
straightforward in principle. The requirement (raise or lower) shciddset to be ndess
than any credible contingencyrom a generation,load or network element. In practice,
the dispatch process would likely equalisembers ofa setof equalsizedcontingenciedo
achievea least cost outcome.

As with the energy balance equation, a dispatch solution would also yield a shadow price
for an increment of the critical contingencwllocated efficiently across the affected
parties. This could and should be ds® allocate costs, as pacipants that represent
these contingenciegloads, generators, networks)an, in principle and in practicalo
something to reduce these costdHavever, this solution has been considered and rejected

in the past, apparently because of a fear that high costslld/de assigned to a single
participant who happened to get dispatched at the highest level.

This fear is largely unfounded because there will normally be a saitmfal contingencies,

not just one, as a natural outcome of the dispatch optimisatidtachload, generator or
network participantowning a critical contingenoyill be exposed t@a marginal cosof this
contingency In any case, FCAS prices are generally quite low. However, in unusual
situations (e.g. when a regiarould separatg this cost burden could be high.

If a means could be found to reduce the cost of the FCAS enablemerketsa by
implementinga real timemarket, for example, this more efficient approach to contingency
FCAS cost allocation could be revisited.
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3.4

THE CURRENT PRICAND DISPATCH ENGINE

Modelling of Offer Profilesand Regional Demand

For practical reasons driven by available technology 20 yearsNIgdMW offer profiles

are constrained to 10 bands. Further, the price of each band over a day is required to be
constant. Generally, participants can construct offer profiles within these constraints that
meet their requirements. However, at the high price end of their offer stacksaltiigy to

fine tune offerprice necessarily becomes veryacse.

This is an irritant foparticipants because dispatch becomes more of a lottery than it

aK2dzZ R 0So LGQa Ffaz2 dzyKStLIFdz F2NI 0KS YI NJ

do oscillate each 5 minutes. To some extent these oscillations are smeared out by the
price averging process previously described. However, if the NEM moves to some form of
5-minute pricing for settlement, this issue could come to the fore as the market becomes
more volatile due to increasing renewable penetrationFigure 3 below illustrates one
example of this 5 minute price instability during a recent market episode n NSW.

Figure3: Example of likely artificial Gninute price volatility

Region Price 30min and 5min (NSW1)

14000 \ — Price 5min
3000 = Price 30min

$/MWh

o /

There are several factors at work here. One is the inability to fine tune the offer profiles at
the high end, as just described. The other is possible load response to the high ex ante 5
minute price, which leads to a following price collapse, andhthdater spike. Likely these

two factors are interacting Other technical matters, such as the Aggregate Dispatch Error;
Dynamic Regulation Requirements; unit commitment under tlastFStart Inflexibility
Profile commitment run; changes in the ratingg security limits, SCADA seoints (mill

limits, FCAS trapeziums) and generating unit ramp rates all contribute to significant
changes in price upon scarcity.
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THE CURRENT PRICAND DISPATCH ENGINE

What could be done to improve matters? One appro&xiimprove the flexibility of offer
profileswould be to increase the number of offer bands available, although this could only
ever be a partial solution. A more elegaartd computationally efficienapproach would

be to allow offer band prices to vary continuously between bid bands. This beutdade
optional right down to the level of individual bands. Thigproachwill be developed
further later in this report.

Unscheduled load and small participant response to pricing will likely become more
important over time so this should be recognidein the dispatch process as well.
However, AEMO is inhibited in its ability to accommodate price sensitivity of demand as it
could be seen as directly influencing the market if it did so.

However, there are some physical indicators that could be indudeA y ! 9ah Q& F2 NB«
algorithm that could take some account of load responsivene€3dne indicator that IES

maintains istotal regional reserve, which is the margin of available generation over
demand in a region, taking account of potential support rowgerconnectors. There is a

high correlation between low levels of regional reserve and high regipnakes as

illustrated by the recentexample inFigure4 below.

Figure4: Regional Reserve and Regional Price

Total Reserve by Region 5min (NSW1)

(14/01/2017 12:00:00 AM - 14/02/2017 12:00:00 AM)

= Pric4 30min

—— Resgve with losses S5min

$/MWh
MW

To implement, AEMO would simply need to incorporate regional reserve as a variable in its
5-minute load foreasting algorithm. A more sophisticated approach wouldibheaddition,

to forecast price elasticity as a function of the current state, including the current level of
total regional reserve. To implemesin elastic demanda na-linear NEMDE would be
required, as will be discussed laferlf estimated demand and demand elasticity are based

5There is a current Rule change proposal under consideration by AEMC to lower the MW threshold for loads to be
become scheduled. However, requiring load response to be scheduled could inhibit load flexibility for facilities that
are not dedicated to sereing the electricity market.

6 A stepped demand function could also be used, but that would both be more approximate and more difficult to
estimate.
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THE CURRENT PRICAND DISPATCH ENGINE

on measureable physical variables both past and present, AEMO cheransidered to
be active in the market.

Valuing Reactive PowerVoltageand System Strength

The objective of the dispatch process the NEMis cost minimisatiorto meet the demand
based on participant offerand subject toreal power flow laws(highly aggregated and
approximated) network security constraints and various other requirements suchhes t
efficient dispatch of FCAS enablement.

Like most other markets, the NEMspatch processs based in real power flows; it does
not deal explicitly with voltage and reactive power or even flows over individual lines.
Reactive power and voltages amot incorporated into thedispatch process for several
reasons. Oais that the solver technology and practical computer hardware of 20 years
ago was probably inadequate for the task. Even without that constrainich is probably

not present todaythere are some challengg modelling issues to be addressed.

Another major reason is the nature of reactive power and voltage. The sffééckactive
power on voltage are local and the effect on real power flow relatively weak, at least
within normal voltag bounds. The same app#s to system strength, which is generally a
local issué€. It is therefore difficult to imagine a competitive market in reactive provision
andvoltage control. For this reaspthe general approach to reactive power provision and
voltage control has been to impose technical standards.

Despite these challenges, a dispatch process that frees up the mix of real and reactive
power provision offers potential benefits to the marketWhere reactive power limits
active power flow or unitdispatch there may be opportunities to reduce costdow this

could be approached in practice will be discussed further in a later section.

Assessment Against Market Principles

Table2 following contains an assessment of the selected features of the current dispatch
and pricing engine against the market principles in AppendixTAe clearest failureare

the failures to price losses andontingency FCAS. The requiemh for contingency
services is generally not @ptimised with energy dispatch and in any case the cost of the
requirement is smeared rather than allocated to the parties who caddto avoid those
costs.Other areas could be improved although there difeely to be divergent views on
some of them.

One matter likely to become more pressing in future is the ability to define offers more

Tt SEAO0f&Z IyR F2NJ ! 9ahQa F2NBOlIad RSYFIyR (2
some way, without AEMO becongnan active market participant.We would expect

demand elasticity under the NEM upgrade package (that is proposed in this paper) to be
more predictable and measurable.

TC2NJ ! 9ahQa RSAONMLIIAZ2Y 2 Thtph:Kevwaend.dod¥uia G NBYy 3G K A&dadzsSz asSs$s
Imedia/Files/Electricity/NEM/Security and Reliability/Reports/AEMEctSheetSystemStrengthFinat20.pdf
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THE CURRENT PRICAND DISPATCH BENE

Table2: Pricing and Dispatch Engireonformance to Market Principles

No. | Principle (summarised) Comment on NEM Approach as of March 2017 Assessment
1 Commercial freedom for 1 Commercial flexibility limited by allowed structu While .the NE.M generally rates wg
- of offers. on an international scale, commerci
participants )
f  Onerous obligations to comply with dispat freedom in some areas could &
instructions irrespective of the need or cost improved to allow costs to b
d0|ng SO. minimised.
1 Technical standard approach to reactive 4
voltage control may be too restrictive ar
inefficient.

> Markettransparency 1 Generally good,_ but progesses for generat MLFs and constrglnt generatlon_ cou
MLFs and security constraints can be opaque be made dynamic and reflective
somewhat subjective. current market conditions.

3 Technology Neutrality 1 There are propos_als, such as the Dema Improyed prlcmg rather_ tha}r
Response Mechanism, to attempt to force mg enforcing scheduling and imposir
demandside into the scheduling regime. overlyrigid technical standards coul

make the NEM more open to newe
technologies and give more flexibilit
to existing technologies.

4 Consistency betweegentral 1 Senedrally \t/)vetlld' r?ar:adgek:)d a't' the I5 m(;nlu Greategt |mprc1\r/]ement I?ﬂ fron

dispatchand pricing oundaries but distorted by pricing rules and I3 revamping e settlemen
of a real time price. arrangements.
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THE CURRENT PRICAND DISPATCH ENGINE

No. | Principle (summarised) Comment on NEM Approach as of March 2017 Assessment
5 Equal access for existing anc 1 This should be interpreted to include nol 1 Small scale participants responding
prospectiveMarket scheduled, small scale participation. market signals should not brequired
Participants to be scheduled.
6 Ancillary Services market to f Current enablement markets meet th|1 FCAS Enablement markets should
be competitive and dynamic requirement, but definitions, standards an supplemented with a real time FCA
systems create artificial barriers to participation, usage market to improve
performance and competition.
7 Section 116 of the National | T Not applicable T Notapplicable
Electricity Law not affected
8 Ancillary Service Costs 1 This requirement is not met at all for FCA 1 Both these elements could be great
allocated so as to be contingency markets and only partially for FQ improved as recommended in th
avoidable if possible regulation markets. report.
9 AEMO to settle Ancillary Done at present 1 Any improved arrangements woul
Services market Any bilatera contracting for these services shou continue to be settled by AEMO.
not be settled by AEMO 1 AEMO could allow for the

GNBFfft20FGA2Yy¢E 2
amounts or exposures betwee
Participants.
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FEES AND CHARGES

Fees and Charges

The efficient wa to allocatethe cost of ancillary servicdas most clearlyspecifiedin the
market design principles set out i@hapter 3 of the Market Res and reproduced in
Appendix A. The part on ancillary service cost allocation is set out below. The same
principle can be applied to the allocation of fees generally.

3.1.4(a) @) where arrangements require participants to pay a proportiodBMOcosts
for ancillary servicescharges should where possible be allocated to provide incentives to
lower overall costs of thBIEM Costs unable to be reasonably allocated this weyukl be
apportioned as broadly as possible whilst minimising distortions to production,
O2yadzyYLXiA2y YR Ay@SaitaySyld RSOAaA2YyaATX

In the previous section we identified FCAS services contingency as being too broadly
allocated when it is possible to allocatheim to be more avoidable. To a lesser extent
FCAS regulation cost allocation could also be improved. These possibilities will be reviewed
later in this report.

For fees and charges more broadly, the current and developing context is relevant.
Establishal generation has come under pressure from renewable penetration and older
coal units are being shut down. Right now, tight gas supply means that these plants are
not being replaced with more flexible plants. Therefore, iwi@rthwhile re-visiting these

cost allocations to seavhether some fees and chargesther than the FCAS charges
referred to above, might also be +alocated to lower the burden on generation or to
improve market outcomes more generally.

One area which could be improved is the allosatof market fees. These are allocated
broadly to registered market participants and, understandably, these participants apply
pressure on AEMO to keep those fees to a minimum. While pressure to raise efficiency is a
good thing, AEMO also has an impottamle in improving market systems to meet
emergingneeds In fact, there is and has always been a specific reference in the Rules to
market improvement activity, specifically on the workings of the dispatch and pricing
engine. The current wording of thrule compared with an earlier version is reproduced in
Appendix B.

In the earlier NECA version of the rule, NEMMCO (predecéssAEMQ was required to
6aYdzadév Ay@SaidAiadardasS aoz2LIS F2N) GKS RS@St 2 LIy
alongthe lineKA & ¢+ a OKFYy3ISR (2 aYleééxs gKAOK Aa ¢
While the dispatch algorithm has be tweaked here and the in the interim no major

upgrades have occurred for a long timBEMMCO merged with the transmission planning

entity VENCORPdiffusing its focus from solely market and system operations to
transmission network planning and gas market and network development.

The AEM(Cdespite its rhetoricjs appearing to focus on regulated outcomesgch as the
recent approach in theealm ofsystem securityrather than competitive approaches based
on marginal pricing principle$n any case, if the market operatathe specialist in market
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systemshasa propensityto focus on regulated, network and central planning optidnis
likely thatthe Commission will simply follow.

In light of this, there is a case that the market development task should be funded by
consumers ogovernments, and thaBREMO and AEMC be given a fresh mandate to be far
more pro-active in researching opportunities fanprovement than they are at present.

In any case, existing participants will need to invest in their own systems upon any
revisions to NEMDE and the settlement approaches. Thdsenal costs could be offset by
some measuredo remove the inefficient fees participants are presently exposed :to

l 9ahQa O2 a dperatdripresémntiNdhadBgied as fees.

If we expect the NEM to be efficient, in that participants can make efficient decisions at the
margin to produce, consume or invest in electricity sergjdeis only acceptabl® allocate

costs to participantsvhen participantscanchang behaviourto avoid them Clearly this is

y2i GKS OF&asS F2NJ!9ahQa NRdziAyS F¥SSasx gKAOK
basis to the most inelastic demamdesidential consumers, by connection point. Pricing as

a fixed feeper customer connection poiris theleast distorting approachn addition other

fixed costssuch as System Restart Ancillary Services, should be allocated in the same way.
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5.2

IMPROVING THE NEM @UION WITHIN THE HAHOUR

Improvingthe NEM Auction within the Half Hour

Overview

As noted SectioR.5, the current pricing arrangements within the half hdarthe NEMare

the outcome of a set ofompromises involving energy and FCAS activities priced in quite
different and internally inconsistent ways,Sgecifically, they offer no coherent marginal
pricing signals within that timescale and are therefpa@orly set up tosupportan efficient
marketoriented approach tdahe current and future needs of the electricity system.

The AEMC is currently considering a range of proposals that reldhés field, including 5

minute settlement, the power system security review and the scheduling of laadsion-

scheduled generation AEMO isalso reviewing the FCA3S3dzf | GA2y &/ I dza SN
procedure. While AEMC recognises there are relationships between these activites

date there seems to be no integrated approach to address thsra package

The package to improve mangal pricing wthin the half hout to be described in this
section hasthe followinguseful properties It:

deals with energy and frequency control in a coherent package
supplements but does not replace AEMO systems, at lidtslly;
is quickly and relatively easily implemented within AEMO operations

initially involves few changes to participant systems, other than those they might wish
to change to improve their operations

1 can be phased in gradually allow market partipants to adjust their operations
progressively as may be desiraple

1 has good error properties when SCADA is useglfirst stageand

1 supports extensionin a further stageto faster response servicesncluding FFR and
inertia, by using specially programed revenue metering.

=A =4 =4 =

For the purpose of presentation, each element of th&a-half-hour part of the package
will be introduced progressively in the following segections, before describing the
integrated packagend thescope for future development.

A Ramping Ancillary Service tbix the 5Minute/Half Hour Problem

This is a well workedver issue which is curndly undergoing further AEMC rew under
0KS yI5m8nutes (d f S YBsyule&hange proposal, by Sun Metals, is currently
meetingstrong resistance from most incumbent participants

The general proposal is to use SCADA data available for scheduled participants to calculate
a half hourly a dispatch volume weighted price (different for each scheduled participant)
which is then used fohalf hour settlement. Nosscheduledparticipants would be treated

as residuals for the time being although this is a point of contentidie effect is to
convert 5-minute dispatch prices into the actual prices used for settling energy in that 5
minutes
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One problem for participantscould be thelabeld pr A y dzGS &aSGdf SYeSay i € =
major upheaval of existing systems and practjcespecially with settlement systems and
contracting. We propose antarnative implementationwhich deals with some fathese
concerns Under this approach, we

leave currenthalf hourlysettlement logic along

introduce a Ramping Ancillary Service (RAS), which, conceptisafigitled at the
difference between 5 minute priceand volumesand half houly prices andpricesand
volumesas measured by SCADERttlement for a participant is then:

- The settlement amount as currently determined, plus
- The settlement amount for the RA%nd
measureMW with SCADA oin future,with suitably programmedevenuemetering

The RAS settlement can be expectedbmrelatively small compared with the haliour
settlement. This approach confines any errors in SCADA measurements to the relatively
small RAS component only. Furthere wan show that any error ithe RAS settlemdn
amounts isproportional to meter scaling error rather thato any offset error, as we can
show that the RAS settlement is based simply on measured MW differéncalso, ay

lags of a second or two in measurements ac significant at the Eminute level.

While the RAS settlement carries these errors wheal time SCAB measurements are
used, current practice would ignore that RAS component altogether. Clearly, use of real
time metering from SCADA is acceptable for an initial implementatdmprove marginal
pricing within the half hour While a RAS approach and a dispatch weighted price approach
would deliver a similar outcome, the RAS approach has the following advantages:

1 it leaves existing AEMO and user systems largely untouched, althoughditioeal
facility would need to be handled

1 implementation by AEMO is of a similar ordef @omplexity as Causer Pays and
therefore relatively straightforward

1 being separately settled, metering errors affecting settlemerduld be confined to
the RAS.The effect of these errors is well definpd

1 the RAS easily supports enhancement to smooth out prices and to take account of real
time pricing of FCAS usage and precision, as will be described in followisgdidns
and

1 aseparate RAS can be phased imsparently at levels of, say, 0%, 20%, 40%, 60%,
80% and 100%, to allow participants time to learn how to adjust their operations.

Smoothing Price Shocks

As argued in Sectio®.2, moving to an effective 5 minute settlement arrangement actually
magnifies andsharpens the price transitions at skiment boundaries In time, ;me can

8 Analysis of settlemrt errors when a dispatch weighted price is used shows a similar result, but the settlement
error is based on the meter offset error rather than the scaling error. As a result, the error under that approach
increases as the measured MW become small re&atd the range of the real time meter and, presumably, the size of
the facility.
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expect large responses from unscheetiiigenerators with potential for some price or even
system instability if not addressed.

We deal with this problem by ramping price from one 5 minute dispatch boundary to the
next, as shown ifrigure5. Assuming a linear price ramping model as proposed in Section
2.2, we need to deal with theamped price trajectory (in blue) rad real time measured
load or generation trajectory (in red) to calculate a settlement amouftie scheduled
trajectory is shown dotted in red.

Figure5: Load or Generation Trajectory with 5 Minute Ramped Pricing
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We can carry out the core calculations in real time (either using SCADA or within a specially
programmed revenue meter) by accumulating certain measured values for each 5 minutes
for later settlement usig 5-minute dispatch price data.

The essence of the task is to simply calculate, for each small time in{sasa#4 seconds if
SCADA is usedhe product of price, MW quantity and interval duration (deld second},
and to accumulate those values over each 5 minutébe green twesided vertical arrow
in the diagram indicates the price ahW quantity to be multiplied. To avoid the needo
use5 minute price and the risk of temporary communication failures (ifglemented in a
local revenue meter), we caaccumulate two quantitiesQ1 and Q2each 5 minutes

Q1 = sumk(alpha)*delt)
Q2 = sum@lpha*x(alphajjdelt)
Where:
Q1 and Q2 are the accumulated quantities

alpha is the fractional time along tfeminute dispatch interval
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X(alpha) isthe measure load/generation at the point alpha along the interval

delt is the chosen measurement interval. This would be 4 seconds for SCADA and
as low as, say, 100 millissws in a specially programmed revenue meter

* is multiplicationand sum(.) is the summation of valueger the interval

This is a trivial addition to the simpler task of simply accumulating MW values (the quantity
Q1 above) if stepped pricing logic is usetlhen at the time of settlement it is easy to
show that the gross settlement amount within the 5 minute&dbgrosss:

Sbgross = pstart*Q1 + ( peqdstart )*Q2

where pstart and pend are dispatch prices at the start and end of the dispatch
interval

To get the half hour RAS settlement over the talfir we:
sum the gros$-minute settlementvalues for each 5 minutes

subtract the half hour averag&-minute ex ante price multiplied by real time
measured energy summed over the half hour

When we add back the existing energy settlement we get the gross settlement again, but
with anyreal timemetering error restricted only to the RAS component of the settlement.

The benefitof the ramped price approadis an incentiveon market participantgo respond
to prices at a range of times and extents rather than to focus on dispatch interval
boundaries.

However, to make price responsiveness truly robust, we need to send a price signal which
feeds back to participants the frequeneynd time errorstate of the systemin orderto
encouragethem to stabilisehose errors

Maintaining FrequencyStability: Stage 1¢ Regulation

Maintaining frequency within narrow bounds under normal operation and after
contingencies is a core requirement for system opemasi. As tcussed in SectioR.4, any
upgrade to marginal pcing prirciples within the h#f hour must be able to integrate the
treatment of FCAS smothly into the new arrangeents.

Consider the task of controlling a system to achievbalance between frequency stability
and cost, given an initial indicative trajectoand assuming ongoing small disturbances
There is a standard theory (linear quadratic conttombined with Kalman filtering) that
fits our requirement to control frequency and time error with resources that have energy
and ramping costsor indeed, any other form of linear dynamics and quadratic co$te
approachalso delivers marginal pricesof energy Further, tle control strategy can be
implemented locally withimited andlocally measured quantities (frequency error, time

9 The value of such a short measurement interval is more evident with the real time FCAS usage market discussed in
the following subsection.
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SNNBNJ yR (GKS ail (tSanadoud yoSadd revand yhertlafard yoadd &
relief. The essence of the gpoach is as follows:

1 we model the systenas states gates include frequency error, time error and the level

2T 3ISYSNIGA2Yy 2N f2FR 0& RATFTFSNByYy(d dzyAiida

takes time and expense to move from one level of generatioload to another

1 the system movefrom oneset of states to another over giventime interval,driven
by physical dynamicandcontrolsapplied(e.g. ramping a generating unit up or down)

the system is subject to random noise that disturbs the ogdaratrajectory
1 we have limited measurements to estimate the current state of the system, in this case

S aadzyS TNBIljdzSyOe yR GAYS SNNEBN) 2yfex

71 all generation and ramping levels are relative to soge¢ point (e.g. fofrequency and
time error) and incur coss per unit time which increase quadratically arouadnean
of zero. A linear cost term can be included bahbe added later and

! the aim is to find a control strategy (controls as a functionmafasurablestate) that
minimises costs, which are the sum of the costs of deviations from seints
(frequency, time error and control costeyer somdongtime horizon

While this may seem like a centralised control sysferit can be decentralisetb some
degree through the priees that emerge from the system model A centralised
implementationwith a focus on regulationa first sage- could operate as follows

1 AEMO models the system asstgbed, noting that only underlying dwmic responses
need to be capired, not necessarily individual units. This will lead to a control
strategy basecdn the recent history of frequency and time error. It should be very
similaror identicalto the control strategy currently usely AEMO for regulation FCAS

1 the dynamic price fromthe control strategyis then used to reward and charge
participants for performance. This is the essence of a two sided market as if we treat
currently nonSCADA metered units loadsas residualsand

1 while the units are centrally controlled, the prignand settlement based on
performancewould reward good response

Figure 6 lllustrates settlement logic with the additional real time price component
included. Instead of settling on the straight line ramped price, we setti¢he ramped
price with an additional @al time price superimposed. The real time price component
works to stabilisdrequency and time error Settlement is based on the product of price
(solid blue line) and MW volumésolid red line)as indicated by the green doubleaded
arrow. These vaks aresummed over the dispatch interval and, eventually, over the
trading interval. The dotted lines show the corresponding scheduled prieand
trajectories.

The logic is very similar to that described in Sectid) but would now include a real time
price variation. The precise details would depend on some implementation decisions, such
as whether real time price variations are scaled by dispairices or not.

10 AEMO essentially uses it atrdy for controlling enabled regulation.
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Figure6: Load or Generation Trajectory witReal Time Pricing
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To illustrate howall this could workwe have builta simple demonstration system based
on toy data. The system consists of:

avirtual flat load that is subject to random noise with a mean ofozer

1 a virtual generator that can ramp and operate away fr@®at points to control
frequency, butat (an additionalrostto ramp and operate away from a set pgj@tnd

1 an objective designed to minimise the expected value of a weighted combination of
frequency and time error costs and the costs of ramping and opegabf the
generation away from set points.

Figure7 shows traces for frequency error and time error over 15 minutes. Each run will
give a different trajectory because of the random noise in the load. We assume that
deviations at the end ofach 5 minutes are ramped back into the energy market, so they
do not grow and so that control is smooth. As deviations are ramped back into the energy
market, new deviations occur and are controlled.

The figure shows frequency being controlled around aps®nt of zero (corresponding to
50Hz) We have included a correction term for time error. This lags somewhat behind the
frequency Note that time error reaches a local extreme value when the frequency error
passes though zero, as expected.
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Figure7: Frequency and Time Error Tracks Toy System
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Figure8 illustrates a similar run over a period of two hour8uccess in controlling both
frequency and time erroover that longer periods evident.

Figure8: Frequency and Time Error Traces for Toy System
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Figure9 shows the real time pricéor the data assumed Note that the real time price
discussed here is a variation around the price trajectory established in5thenute
dispatch process.As woull be expectedthere isan approaimately inverse relationkip
between price and fregency deviation. For examplgif frequency increases, the price
tends todip to ercouragethe generation toback off. However, this relationship is not
rigid as thereare ramping costs in play as wellln a more complex system with different
speedsand costs ofesponse, theesponsepatterns wouldlikely be more complexagain

Figure9: Real Time Price in Toy System
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To illustrate how the frequesy is being controllediigure10 shows thecontributions of
power from different system elements9 f SYSy G& YINJ SR & ab2AaSécx
a{ GSL) [ 2 lIgR ard nbt partoBthistru.

FigurelO: Power Balance in Toy System
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In this run, the load (in yellow) is essentially autonomous and is subject to random noise as
is evident. Load deviations from the noise injection do not gioaefinitely because, at the

end of each dispatch interval, any deviation is ramped back into the energy market over
the next 5 minute§ . More deviations occur during that process but they stay within
manageable bounds The regulation process workdong similar linesat present with

some differences in detail

In the chart, we see two elements responding; controlled generation (in light blue) and
inertia (in dark blue). In fact, these two components are part of the same unit and
electrical measumnent would not separate them. They only appear separately in the
dynamic modelling. In essence the light blue represents the mechanical energy input,
while the dark blue inertia represents the energy stored in rotation, taking energy from the
system (whe accelerating) and contributing energy (when decelerating). In this simple
losslesssystem, the sum of the mechanical generation and inertia power contributions
precisely balance the lodd in all cases relative to a reference trajectory.

In thisrun the generator is undertaking a regulation functiowenoted KI & G KS 3ISy S NI
inertia tends tol 6 a2 Nb GKS @SNE akK2NI GSNY 2R Ffd
mechanical power input tracks at a slower pace, exhibiting a smoother trajectory.

The settlenent outcomewhen the real time price is applied to the generation (including

inertia) and load is illustrated iRigurell. The settlement amounts are expressed ates
($/hour) for illustrative purposes.

Figurell: Rate of Revenue Accumulation in Toy System
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1 The load itself is also modelled as having mean reverting behaviour, but this behaviour may not be evident over a
5-minute dispatch interval.
2egRKAE A& F AGFrdSYSyd 27T bSgi2yQiding&»Stén Wsknodelled in thdsystetnd A 2y | LILIE A
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The chart shows that the load is consistently on the negative side of the ledger; it is
disturbing the system rather than controlling,y R A& I ySi &aOI dza SNE
mechanism. The inertia (dark blue) and mechanical generation (light &taegenerally on

the positive side of the ledger, because iner{@assively and mechanicalgeneration
(actively) are working to maintan frequency. As the power variationsncludng inertia
contributions are balanced, the settlement amounts are balanced also.

Valuing system frequencynd time errorsin real time will encourage participants to
control frequency when it is cost effectiver them to do sgand not otherwise.

FCASontingencyServicesunder Stage 1

In the in the previous subection,the workings of a real time control and pricing system
(which could evolve into a market) were discussed in the context of an example wteere th
task was to control second by second and minute by minute small variations in the system;
regulation function. However such a system would also respond to the frequency
fluctuations caused by larger contingenciess we have not included in our toy sem any

very fast response options we would not expect ideal response patterns, but the system
should nevertheless do what it can to keep frequency and time sstable.

Figurel2 shows the response pattern of frequency and time error after a 600 M8¥ of
generationcontingency occurs in the system. The broad pattern of behaviostaisie
although the frequency droop is larger and thecowery time longer than might be
desirable because our modelled response options are limitdfl the system and the
corresponding control and pricing model were to include fast response options, and if
metering were adequate to capture those responses accurately, a much impoutedme
could be expected.

Figurel2: Frequency and Time Error after a Contingency in Toy System
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Figure13 shows theresulting real time price pattern. As would be expected, there is a
sharp peak corresponding to the contingency, which falls away as the frequency error is
corrected and the new generation pattern is ramped back into the energy market as
illustrated the rext figure. Note that the pattern gbrices in this toy exapie may differ
markedly in a real system.

Figurel3: Real Time Price after a Contingency in Toy System
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Figureld shows the power balance in the system from the contingency. The contingency is
shown in purple, including how its effect is ramped back into the energy market over the
following dispatch interval.

Figurel4: Power Balance after a Contingency in Toy System
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Several interesting features can be observed from this chart. First, the lost power input is
entirely absorbed by the system inert{helonging to a single modelled generator this
case)in the immediate aftermath of the contingency, as shown by the dark blue line. Next,
we can see some frequency response in the variable load line (in yelémmve have
modelled load reliefin the control and pricing model. The generatoraiso responding
fairly quickly in this case. Everything gradually returns to a new equilibrium over the
following few dispatch intervals.

Finally, we show the rate of revenue accumulatiofrigurel5. Clear features are:

T theunit suffering thecontingency absorbs the cosf the contingency

The nertia component of generatiorearns a significant part of the revenue in the
immediate aftermath of the contingengy

The (mechanical) generation earagositive amount after thénertia falls away and
The positive and negative revenues are balanced.

Figurel5: Rate of Revenué&rowth in Toy System after a Contingency
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A key observation is tht revenue and costare allocated where they should ben@ that
inertia is a significant contributor, both physically and financially. It follows that this
pricing mechanism offers a pathway to encourage inertia into the market. Whether it is a
complete ®lution is another matter, but it can certainly contribute and may well be
sufficient in manycases.

There are design questions to be resolved on implementation ofptfogposedreal time
market These and other issues shouldibeestigaed in a prototypng environment
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f Should the real time price be scaled by the current regional energy price, or operate
autonomously across the whole NEM (except when there is islanding)?

f How should units be controlled (is AGC relevant) amlild compliance obligations
(sudh as Rule 4.9.8ecomeredundantin time?

71 Isthere an implied contract when tfeminute dispatch target is set?
V hdz2NJ @ASé A& a gppréaEhplacS&sQ@do daicd markitlwgight on the
F OOdzNJ O& 2 7F | 9 a@uisittieinént IdRic MikkNtBeppraadh that
the dispatch process sets a trajectoigr a reference pricearound which there
can be real time variatiorut there isno implied contract.

Scope forFurther Development Stage 2

In a second stage we can remove #sumption ofcentral control and reward and charge
for performance even if not under central controFurther we aim to support a real time
market in fast frequency response and inertia.

To implement this stagewe usespecially programmed revenue meters that can téieal
measurementsof frequency and power down to sedecond (programmable) time
intervals®. Such meters could support markets in faster acting responses suitedia
andfast frequency responsdsecause:

1 they will pick up and measure stdecond respnses from the inertia of units as well as
fast frequency responses;

1 measurementsnatching the frequency based price formula with MMill be valid for
veryshort time intervals because SCADA lagkbe eliminated;and

1 real time logic §singlocal frequeng) will be programmed into the metdor later use
in settlements

The pricing algorithm used will need to reflect the presence and relevance of fast
frequency response options. The role of Inertia is already inherent iptice modelling.
Apart fromthe subsecond measurement intervahe pricing logic ietherwisevery similar

to that used in the SCADA implementation of Stage

A Stage 1 implementation would look very similar to the current causer pays logic operated
by AEMO which is, by AEMO stands, a simple system. A Stage 2 decentralised
implementation is lgically sinilar but requires communicationnfrastructure to makeit

work. An indicative configuration for a participant operating in a decentralised mode is
shown inFigurel6. The figure shows the following elements:

1 a plant which is subject to control

a (participant operatedxontroller,

a specially programmed meter

aMeter Data Provider ( MDRYBS & LI2yaA ot S F2NJaiwdkS LI I yiQa

!
!
!
1 AEMO as the market operator.

3 Electronic Revenue meters already use software to calculate and accumulate instantaneous real power and other
electrical values at intervals in the order of a millisecond or less. A-luikal time pricing alggthm is an extension
of that concept.
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The specially programmevenuemeter measures (or accesses a measurement of) local
frequencyerror (f), time error (Tand MWSs as well as other electrical values. It processes
these data in real time to produce 5 minute accumulated values for settlement. These
values are periodically uploaded to th®IDP and then to AEMO for settlement.
Periodically, AEMO downloads updates to MBPand then to the participant meter to:

f update the Iaal pricing algorithm as required
1 update themeter clock and
1 update the currentecorded metettime error to correct for drift.

¢KS LI NGAOALIYyGQa O2yiGNRBffSNI NBOSAGPSa aAiAvYAfl
other standard AEMO data such asPASA (not required for the revenue meter). It also
measures or accesses MW, frequency and time error (not necessarily to the same accuracy

as the revenue meter). From these data it can reproduce the pricing in real time and
determine a control for planbperations. Thk electrical outcome is ultimately recorded by

the revenue metein a form suitable for settlement

Figurel6: Configurationfor Participant in aDecentralised Real Time Market
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Note that the data going to and from AEMO and tM®P are not required in real time.
The strictly real time activity including measurement amahtrol is all handled locally. In
this way, very fast responses including inertia can be properly handled.
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IMPROVING THE NEMIPIATCH ENGINE (NENMDE

Improving the NEM Dispatch Engine (NEMDE)

Optimisation Technology

The potential improvements to the dispatch and pricing process outlined andsdisdun
Section3 all require changes to the NEMDE software system. NEMDE is an optimisation
model basedon the technique of linear programming. In broad terntsmaximises
benefits (equivalent to minimising cots costs) at theninute time horizon, subject to
technical, security and commercial constraints (e.g. on offer bands) of the system.
delivers a dispatch schedule as welbaginute market clearing enggy and FCAS prices.

In linear programmingmodels all the relationships inthe problem must be linear, but
variablescan and typically do have upper and lower bound$he economist Harold
Hotelling was an early critic of theotential value of George Dénl A Jginal Sighplax
(linear) solution &orithm, noting that the real world is nonlinear. Despite this self
evident truth, since its invention in 1949 linear programming has proved to be a
remarkably potent and widely applicable tool in many fgldhot least in electricity
markets. NoHinear elements in electricity markets, such as the modelling of losses, can
be approximated with piecewise linear functions. Another example is the cost function of
generators, which is modelled as a piecewis@dincost curve (or a piecewise constant
marginal cost curve)rather than a (relatively) smooth one. These are workable
approximations in most but rntaall circumstances

{AyOS GKS SINIe mhyna | ySs Otlaa 2F aAyidSN

competitor to theSmplex algorithm. One advantagd these method is that theycan be
relatively easily adapted to nelinear problems. Today, welarge sale problems both
linear and noHdinear, can be reliably and accurately solved. With this pduwenew
technology, new approaches can be envisaged which would have been considered
impractical when NEMDE was first developed in the late 1990s.

Power System Modelling Approaches

We can classify power system models (which lie at the core of any elsctmicrket
dispatch and pricing engine) into three main types.

1 Regional system model;

NEMDE implements this approacfihe system is divided into regions, within which
network security constraints seldom apply. Only interconnectors between regions are
modelled, which in turn are alsoompressed y (i 2 & A y 3 f S Simplelensggzl ¢
conservation rules are applied. Fixed margioak factors are applied within regigns
which must be determined ofine. Security constraints must be expressed as a
comhbnation of injectionsand offtakes in the modebnd must also be generated off

line, although some dynamic elements hawehb introduced over time Although the
network is simplified, a dispatch and pricing model based on a regional simplification
retains significant levels of size and complexity in the modelling of individual
dispatchable units, their offer structures and network security constraints.

Intelligent Energy Systems 40

t.



6.3

IMPROVING THE NEMIPIATCH ENGINE (NENMDE

1 Full network model using a DC power flow approximation

The engineering equations gerning AC power flovin a nework can be simplifiedn

many applications to an acceptable degree of accuracy. It turns out that if voltages are
maintained within reasonable bounds by whatever means, the system can be
simplified into a set of relationships that resemble musimpler DC power flow
relationships (even though the flow is ACjhe simplest version of this is a lossless
model but we can also model losses with piecewise linear functions or with continuous
non-linear functions if we use a nelinear solver.

1 Full netvork model using AC power flomrodelling

If we wish to onsider votages and reactive power as markelements, or at least as
elements that might be valued by market outcomege need to move to a full AC
power flow model We can then model voltages amelactive power explicitly, but a
challenge is then how to value voltage deviations and the real and reactive power
NBflFGA2yaKALA 6A0GKAY LI HyAyeS | NEK Si K-2yR S
model, and sometimes challenging to solve, althougls tisiless of an issue today.

SA/a

Why use an explicit network model? In the DC powew fbase at least, there is a direct
mapping between netwds line flows andinjections and offtakes (exploited even in the
regional model) so the full network is not computatally necessary. However, including
the network does make the model a lot more transparent and can reduce the need for off
line calculations and associated approximatiotsshould also be noted that a ndmear
solver also allows nenetwork elemens of the dispatch engine to be modelled ron
linearly with advantage, as will be noted in the following sattions.

Overview of Options

Table3 below summarises how the options described in Sec8arould be implemented
with different optimiser technology.

Table3: Modelling Approache Suitable for Proposed Improvements

Network Model Regional DC Power | DC Power| AC Power
Flow Flow flow
Optimiser Technology Linear Linear Norlinear | Nonlinear
Generate Dynamic Marginal Log X X X
Factors
Generate Dyna_mlc Security X X X X
Constraints
Optimise Contlng_ency FCAS Cq X X X X
Allocation
Smooth Out Offer Profiles X X
Value Reactive Power and Volta
X
Control
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The possible variations are simplified as there amthier suldivisionsof solver technology
and of dspatch modelapproaches, but we &&mpt to capure the main ones.The crosses
in each cell indicate that implemenianh of the option is practical with thasolver
technology. Detailsand discussiofollow.

Determination of Marginal Los$actors

Calculation of dynamic marginal loss factors requires a network model of some sort to be
included in the dispatch and pricing modeine losses could be modelled in onetlofee
ways:

1 as piecewise linealine lossfunctionsin a DC power flowmodel, using a linear
optimiser;

T as continuous (usually quadratic) line loss functions in a DC power flow model, using a
non-linear optimiser; or

1 as continuous line loss functions involving voltage and angle differences in an AC
power flow model, using aan-linear optimiser.

These approaches amresentedin order of likely accuragybut all would be significantly
more accurate than a constant loss factor that is updated periodically using projected loads
and generation. As noted in Sectiéhl, the approach has the added advantage of
eliminating periodic updates by AEMO based on projected loads and generation.

In a dispatch model solution in the absence of netwadnstraints, the marginal loss
factors (MLFs) would be the ratio of the marginal value of energy at each connection point,
divided by the marginal value at thessociated regionaleference node. In fact, in this
special case the outcome would be eques to nodal pricing. Where intreegional
constraints are binding, the effect of these constraints would be removed in post optimal
processing, giving a regional rather than a nodal outcome.

Where MLFs are small, the effect of dynamic MLFs waildd be small and relatively
predictable, and so readily accounted faor dontracting. Where flowsra more variable

and even tidal, MLFs would vary more, as they ideally should. Participants might then need
to consider modified contractual arrangements.

An addiional advantage of modelling losses with continuous, iorar functions using a
non-linear optimiser is that it resolves the ®alled nonphysical loss problem when using
piecewise linear loss model approximations in a linear solver. -pthysical losss occur
when prices become negativé piecewise linear loss model then tries to use the highest
loss segments first, which is not physically realistic.

If the losses are modelled as a continuous, #ioear function, this cannot occur.
However, thesystem then becomes neconvex, a mathematical term which means there
are potentially many local minima. This property is inherent to the situation. The natural
approach in this case is to seek to move to the nearest local solution. This is not @lgly lik
to be nearly optimal (and very difficult to prove that it is not), but also practical in that
negative prices seldom last very loagd itis pointless to disturb the system more than
necessary to deal with this temporary issue
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Treatment of Security Constraints

While constraint generation has been improved in NEMDE over the years, much work is
still done off lineas described in Sectidh2. Possible contingencies have to be anticipated
and sets of constraints developed off line to deal with therilore recent designs of
dispatch system®ften have a dispate model which typically a DC power flownodel,
arranged in aight loopwith adynamicconstraint generatot which will typically contain an

AC power flow model as illustrated ligurel?7. The process typically works as follows:

1. Thesolution from the previous dispaltcinterval (say 5 minutes ago) and its constraint
set are taken as starting points. The current constraint coefficients are refreshed as
necessary to account for the new state.

2. The dispatch engine is solved with the neffees, other current dataand the current
constraint set.

3. The curent solution is passed to the constraint generator which seeks out any security
violations and generates constraints to deal with them.

4. If there were no security violations found, the saan is considered valid and the
process completes; otherwise the newnstraints are passed back tthe dispatch
engine and the process returns to Step 2.

With hot starts, a range of analytical smarts and diligent housekeeping, this process can be
made vey efficient.

Figurel7: Dynamic Generation of Securit§onstraints

New Security
Constraints

Dispatch Engine Security Constraint
. Generator

Current Dispatch

Solution

This system does natctuallyrequire a netwok modelin the dspatch enginethe security
constraint generator has its own network model and can develop comsgran the generic
constraint format if required. Constraints generates can take account of dynamic real time
data or estimates of the state of equipment (e.qg. Its temperature) either directly measured
or estimated using a technique such as Kalman fiitgri
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Contingency FCAS Cost Allocation

While we envisage that most if not all of the financial flows in regulation FCAS could move
to a real time market, contingency FCAS is more in the nature of insurance and some
G LINB Y ar amvablement payment may still be required to ensure thia¢ tapability is
present when needed. However, the retiine market should lessen theadditional
incentive required to be availabldor service

Given the contingency enablement services may b#l required but at potentially lower
costs than at present, a more efficient cost allocation mechanism can be envisaged. In
fact, the followingproposal is not new, although it has not been implemented thus far.
could be implemented in the currentighbatch engine and any superset of it, with only
minor modifications.

AEMO calculates a requirement for each contingency FCAS service that takes account of
the largest current contingency and any automatic load relief if the contingency ocaurs. |
broad terms, NEMDE includes relationships along the lines of:

FCAS_Reifrement>=Size of contingencyLoad relief

The requirement must be large enough to cover evamedible contingency. The
contingency can be a generator, load or interconnector that wouldiseanetwork
separation. Where separation is possible, the load relief has to be based on the islanded
condition. Setting aside the details, in principle thesbould be one sucttonstraint for
every contingencyand impacted elemenin the system. In price some would never bind
and are omitted, but thereouldstill be a significant set that could be active.

For a specific service, it is likely that the optimisation process will constrain the size of one
or more contingencies tde of equal size. These constraints will have naero shadow
prices and their sum will be the marginal cost of the seriigghe marginal cosof supply

will equal the marginal costs of all the critical contingencies sredmarket will balance

The shadow price of ehcbinding constraint is the marginal contribution of each
contingency to the FCAS cost. They need not be icariietween contingencies, ui the
solution construcs them in such a way that the energy and FCAS costs togetbaldw
deliver a dispatch caistent with participantoffers, as is requiredinless an inta-regional
network constraint is binding.

In asserting that the market will balance, we note that the expected load relief enters the
equation and should be part of the settlement procesé/here a network element is a
critical contingency it should pay also, through a charge on the settlement resitibhis

line of thinking can be extended to services not yet part of the FCAS suite, such as fast
frequency response.

Perhaps surprisinglyhe approah couldalsobe quickly and usefully implementddr the
provision of inertia, with minimal new developmefitake South Australia as a practical and
very current example.In that region, a critical contingency that involves inertia in South
Australia isa possible failure of the Heywood interconnector. AEMO now seeks to have
sufficient inertia in South Australia to restrict the Rate of Change of Frequency (RoCoF) in
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South Australia tanot more than3 Hz/secondmmediately after that contingency How
could this be enforced in the dispelt engine

Examination of the relationship between acceleration, contingency size and inertia leads to
a remarkably simple catraintthat could be applied:

Size_of Heywood_Contingency <= Constant x Inertia_in_SA

If this canstraint would be violated, the dispatch engine would constrain the flow until the
constraint is satisfied, as long as thdeesufficient available generation to make up the
difference. Alternatively, some smaitalegeneration such as GTs might finghdssible to
enter the dispatch without risk of spoiling the price in the proce$te marginal value of
the constraint could be paid to the providers of inertia and the cokarged to the
interconnector net settlement surpluéhe interconnector outagéeing the contingencyo

be manageil

Of course, inertia is not really dispatchable, so some form of ford@oling process may

be requiredfor a workable system(the NEM uses Predispatch, STPASA and MTPASA, so
these could be amended)Nerertheless paynent andcost allocation based in ghshadow

price of thisconstraint, or a projected shadow priceould be a usful supplement to a
longer tem procurement pocessfor inertia in SA However, i may well be that the
proposed real time market, topped upitli the income fom this comstraint, may be
sufficient to encouragethe neededinertia to be on line without any oveniding long term
contracting.

Modelling of Offer Profiles and Regional Demand

Offer profiles are modelleds piecewise constant marginal cost blocks, which correspond
to a pecewise linearoffer cost cuve. Only 10 blocks are supported by NEMDE. The blue
line inFigurel8illustrates a simplified offer curve.

Figurel8: Modifying an Offer Band to be Continuous
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This arrangement can generally support any desired curve to reasonable accuracy.

| 26 SOSNE i (GKS aiG2L) SyRéx GKS adsSLia OlFy oS
the accepance or rejection of an offer band more of a gamble than it could be, not only for

the participant but also for the market as whole. One way to deal with this could be to
implement a software switch that optionally converts the offer into a continuousewas

shown as the red dotted line in the figure, which has been applied to the last band only. In

this way, a participant offer could be accepted at any MW from 360 to 400, instead of
either one or the other (except if the offer happens to be margingome participants

could see an advantage in having this flexibility.

This facility could be made available individually for some bands band or all bands. It is
easily implemented with a nelinear (in fact, quadratic) solver by adjustiadinear term

and adding a quadratic term in the objective of the soleesimple and transparent. As
now, the only requirement is that the offer function be ndecreasing.

Such an approach couliso improvethe modelling of demand. Nescheduled load can

be price senitive as retailers and loads have access to the dispatch price 5 minutes,ahead
as well as price forecasts over longer periodss discussed in Sectiéh4, AEMO could
model this price sensitivity as aurfction of the current vaiables usedin forecasting
supplemented by regionaksave, which can be calculated each dispatch interval

Figurel9: Offer Stacks with Elastic Demand
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To illustrate this approach, assume the simplified offer profil&iglirel8 approximates an
offer profile for the whole (unconstrained) market, as modelled in NEMDBigure 19
shows this offer profile against an elastic demand profile shown in green.

This figure illustrates that, when demand is elastic and offer prices are all piecewise
constant blocks as shown in blue, there will typically be &ffér price in the stack that
equilibrates with demand; the systegannot reach equilibrium Normally, this is no issue
as any small discrepancy is taken up with regulation; price errors would be small and not
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even noticeable. However, at the top endga gaps between bands can be larger. This is
one reasof why AEMO has difficulty forecasting demand and price when reserve margins
are low.

This problem ipartially resolved if AEMO could actually model its regional demand with an
elastic curve as slwn. This would allow the system to equilibrate atprice and demand
where the where blue and green lines cross. An even better equilibrium would be a
situation where the green and red dotted lines cross, when both supply and demand costs
and benefits ardoth modelled as continuous functions.

Elastic demand could also be modelled by adding a quadratic term to the objective
function when elasticity is assessed to be highraiigh statistical studiesthe two
suggestions in this subection are mirror imagesf each other.

This sukpackage would act to stabiligeminute dispatch prices especially when reserve
margins are low, and should improve the efficiency and stability of dispatch at those times.

Under theproposedpackage of improvementshe auction wold, in time, solicit demand
elasticity, reducing the likelihood of neprice rationing at times ofpotential supply

shortfall This nonregulated, norscheduled émand elasticitycan be measued and

reliablyincluded in the forecast.

Valuing Reactive Power, Voltage and System Strength

In a dispatch and pricing system using an AC power flow network model, voltage becomes
a variable rather than being fixedReactive powefflows alsobecome a variablgo be used
largely to manage voltages. There is a weak but still important link between reactive
power and real power flow in the meork.

When voltage becomes variable, acceptable limits and how these are to be modeied
hard or soft constraint$ - must be decided Further, various reactive devices such as
synchronous condenseids well aghe operatingenvelope forreactive and real power in
generating units need to be accounted for. The proliferation of these small but important
decisions to define tb model is one reason why AC power flow models are not yet
commonly used in dispatch and pricing engin@&C power flow modelling can and is used
for constraint generation described in SectiB2. While accounting for reactive power,
such a procesdoes not optimise reactive power flows with real power flows.

A prototype AC power flow dispatch and pricing engine would nevertheless be a useful tool
to evaluate stategies involving reactive power. An example would be to appreciate and
perhaps relax technical requirements on reactive power provision where thera is
beneficial tradeoff with real power and vice versa. Anotheowd be to help evaluate
systemstrength issues that are becoming critical. In the context of an AC power flow
model, a fault can be regarded as a contingent event.

¥ The other is that AEMO does not take into account the current state of the system (specifically, regional reserve
margin) for its single point forecast.

15 A hard constraint is a bound on the variable; a soft conistrave can define as a smooth function (e.g. a quadratic)
that tends to limit the variable within the region of a central nominal value.
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Implementation Issues

Table4: Modelling Approaches Suitable for Proposed Improvements

Network Model Regional | DC Power | DC Power| AC Power
Flow Flow flow
Optimiser Technology Linear Linear Nonlinear | Nonlinear
Generate Dynamic Marginal Lo X X X
Factors
Generate Dynamic Security X X X X
Constraints
Optimise Contingency FCAS C X X X X
Allocation
Smooth Out Offer Profiles X X
Value Reactive Power and X
Voltage Control

Table4 repeatsTable3 in the earlier Sectio.2. We can see that some proposals can be
addressed in the context of theurrent NEMDE infrastructure while others require a
significant change to implement a network model and/or to use a-hoear solver.
Further, all proposals warrant further study and refinement in a prototyping
environment®. It is not immediately cleawhat the priorities should be and whether some
options might be overtaken by events.

We note that a nonlinear interior point solver can also solve purely linear models with
good effiéency. Therefore, we lose little or nothing by building our prototype aonon
linear solver platform. Further, we do not need to start from scratch; we can port the
current NBMDE to the nonlinear environmeni provide a solid starting point This
suggests the following strategy to make rapid progress in evaluating thpsens in a
prototype environment

1 Port the current system to a nelnear solver. This might require some adjustment to
interfaces but should otherwise be straightforward as the core model and code is
unchanged.

1 If not done already, modularise the code that each component (e.g. the network) is
clearly delineated from other components (e.g. generator models or security
constraints). The aim is to be able to upgrade specific modules by implementing a
software switch that substitutes one code block &rother. The code imlvedwould:

Vv generate the model in standard format for the solyand
vV process the results of the solver into usable form.

f  Chose a specifitnprovementoption andwrite the code for that option as a module
which can be switched in aralt.

6We commend a prototyping strategy for market development options, not only for internal AEMO and AEMC
evaluation butalso to promote participant understanding and constructive comment.
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1
1

Test and refine the code as required, in parallel with the real system to be able to
compare results.

Implement when the module has stabilised
Implement other modules in the same way in accordance with priorities set.

This approach should work evéor anappatently radicalchange such as implementing an
AC power flow model. In this case:

f

f

Frst implement a DC power flow model to replace the regional model, with voltages
modelled but held constant at reference values

To implement AC power flow, makell voltages variable and write the additional
relationships for reactive power (similar to real power) as well as the relationships that
link real power to reactive power. While this is a major addition, a great deal of the
existing code base need notebtouched.

Implement the software switch to the new code, as suggested.

There are great advantages in maintaining a single code base for prototype development
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ALLOCATION OF FERDACHARGES

Allocation of Fees and Charges

Charging Principles

Consistent with NER Clause 3.2.4(a) for thepatch process which is reproduced in

Appendix A, le principles for the efficient allocation of charges are simply summarised as:

1. Implement a two sided market in the product or service wherever possible.

2. Where a service must be centrally procured or mged, allocate costs so that they
can be avoided by participantsereby reducing the need for and cost of the service.

3. Where approach 2 is not possible or practical, allocate costs where they do the least
damage to efficiency, normally where no responsdttat cost is likely.

Suggested Adjustments

Previous sectiomhaveoutlined ways in whiclrsome NEM functions could be neefficient
and their costs allocateldetter if centrally procured We list hem here for completeness

1 With the proposed real time et implemented as proposed in Sectids) the
burden on the current FCAS enablement markets would be lowered or, in the case of
regulation at leag even eliminated for practical purposes.

1 To the extent that contingency services may still need support with an enablement
process, that burden would be less than before because of the incentives offered by
the real time market. This would allow FCAS enablement costs to be allocated more
efficiently through the dispatch and pricimgrocess as proposed in Secti6rb.

In view of the current supply concerns in the NEM but asoa generaprinciple, the
allocation of fees and charges should also be reviewed with a view to allocating them
where response is likely to be least, perhaps on a NMI basis. For example, market fees and
RAS costs cannot in practice be avoidgdparticipants and taerefore serve no marginal

cost signaland should be allocated by NMI instead.

One important case is the component wiarket fees that ought to bellocated tomarket
development. In its recent Directions Paper on the maintaining system security options,
the AEMCclaimsthat it may take 3 years to develop market approaches to proving some
services such as inertia and fast frequency response. In the meantime a heavy handed
approach under the control dfiSPs is proposédl One possible reason for this leisly
timetable is the lack of development that either AEMO or AEMC has undertaken on
possible market solutions to date. This can in turn can be explained by the Rule change,
summarised in Appendix B, that removed from AEMO any obligation to undertake
investigations into improing the dispatch process. Market development would likely be

an early casualty when participants apply pressure on AEMO to reduce its costs and
associated fees.

In view of the urgewy developing around the need to improve tHeEM, research,
development and dmonstration of options would best beuhded directly by governments.

17 http://www.aemc.gov.au/MarketsReviewsAdvice/SystenrSecurityMarket-FrameworksRevew
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8.1

THE MARKET AUCTION URADE PACKAGE

TheMarket Auction Upgrade Package

Package Overview

Our focus is to implement marginal pricing further into the NEM than applies at present, to
increase the scop for freedom of action by participants and to reduce the pressure for
heavyhanded regulation to deal witemerging challenges in the NEMOur proposed
upgrade package has the following principal elements:

Fixing Pricing within the HalHour

1. Quicklyimplementa system to implementobust marginal pricing within the half hour,
focused initially on scheduled units that are monitored with SCADW based on the
control logicnow used for regulation FCAS he package wouid
a. leaveuntouchedexisting coresystem used for dispatch and settlement
b. implement5-minute pricing by introducing a Ramping Ancillary Service (RAS);

c. remove artificial price steps which coutdusemarket and system instability;

d

implement a SCADBased real time market consistent with FCAS regulation
control logicand integrated with the RAS

e. amend the obligation to comply with dispatch instructions; and
f.  remove some generators from scheduling systems such as AGC.

FurtherEnhaning Pricing within the HalHour

2. After gaining operating xperience and undertaking further R&D, extend tmitial
implementationof this system to

a. extend application to fasteading services such as inertia, fast frequency
response and the faster contingency FCAS servicestieynding the pricing engine
to recognise these serviceand by using suitably programmetkevenue metering
instead of SCAD# value performancgand

b. extend participation to norscheduled customers, including very small ones.
Upgrading NEMDE capability to Improve Pricing and Cost Allocatio

3. By upgrading solver technology used in the NEMDE to one witHinear capability,
progressively prototype, run in parallel and eventually implement a range of NEMDE
improvements which could include:

a. the ability to offer smoottand more finely tuneaffer and bid prdiles;

b. full co-optimisation of contingency FCAS enablement services;

c. the generating dynamic security catraints to improve network transfer
capability;

d. support a move to dynamic Marginal Loss Factors (MLFs) instead of constant static
onesthat are updated by AEMO; and

e. support an option to make the treatment of voltage control and reactive provision
more transparent
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Improving Cost and Fee Allocation

4. Improvethe allocationof costs and feeby:

a. Noting that the real time marketshould drive FCAS enablement solower,
allocake FCAS contingency enablement castsording to the shadow prices of the
FCAS requirement constraint in NEMDE, when those requirement constraints are
implemented;

b. In clause 3.8.1 of the NEHBee Appendix B)ntroduce arequirementto replace
the currentoption for AEMO to investigate and develop the dispatch engine and
associated processes, the cost of this function to be borne by governments rather
than participantsand

c. Reconsider other cost allocationsthe light of;
i. the principle set out in Clause 3.1.4(8) of the NER (see Appendix Kpore
simply, the NECQgpplied more broadly to afees;

(1) (rather than the complex set of principles AEMO has regard to under the
present Rules

ii. the expenses participants will incduring implementationand

iii. in the current stressed environment of the NERhe desirabilityof keepng
existing plant in operation.

Implementation Strategy

The proposed upgradpackagecan be implemented incrementally and key parts relatively
quickly andeasily once a decision to proceed is madehe following strategy focuses on
minimal disturbanceto exiging systems and incrementalddtions, ultimately leading to
much improvedmarginalpricing and greater opportunities for a wider range of papants
and technologiesn the NEM.

Benefits and risks will be considered in later subsections.
Fixing Pricing within the HalHour

1. While the objective of the currenBun Metalsrule change proposal oB-minute

settlement has merit, the currently proposed formf implementation has risks

associated with it (see following stdection) and would, if implemented, preclude a

more complete solution. Therefore, we should seek to:

a. persuade the AEM@ solution along the linesf proposal outlined in this report is
GY2NBE LINBSFSNIoftSe¢ (2 GKS {dzy aSil fisa a2t dz
considered to be too much of a departure from the Sun Metals proposal,

b. argue against adoption of the Sun Metals rule change witfew to submitting an
alternative rule change proposal along the lines outlined in this report.

2. To support a better understanding of the proposal in this report before a decision is
made, consider:

a. publishing a set of calculations/charts demonstrating holwe RA&eal time
market wouldhave been settled based on historich$patchoutcomes
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