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Abstract

The size and complexity of deregulated energy mantegjuires the use of simulators to
assess how changes can affect the whole market dissertation presents the
development of a MATLAB based energy market sinarldtased on the Australian
National Electricity Market (NEM). Background reseh was conducted on the NEM
to gain an understanding of the organisation, mamamt and the technology deployed
within the network. Raw data on the NEM was analytse understand demand and
pricing and how different generation technologies @erated. This data was then used
to create a generic simulator capable of analyslegtrical supply systems. The
simulator was then used to demonstrate the bemefttproblems with market managed

systems and the impacts intermittent renewable$age on electrical supply systems.
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Definitions

Availability factor

Capacity factor

CCGT
FOM
MO

MP
NEM

OCGT
POE

PV

Ramp Rate
VOM

The percentage of time a unét ¢apable of producing power.
Reflects the need to shut down for maintenance

the percentage of power producedhfan electrical generator
compared to the maximum possible

Combined Cycle Gas Turbine
fixed operation and maintenance
market operator, responsible for the operavbran electricity
market
market participant
Refers to the Australian National ElectricNarket the electrical
supply system used in NSW, Queensland, VictorisnTania and
South Australia.

Open Cycle Gas Turbine

probability of exceedance

photovoltaic

the rate of change in the power output &in electrical generator

variable operational and maintenance



1 Introduction

Electrical supply systems are used to generatetrandmit electrical power to a wide
range of consumers. Electrical supply system<angplex systems that are constantly
adapting to changes in technology, user demandsgamdrnment policy. Electrical

supply systems are managed in two main ways véytizaegrated and market based
systems. A vertical integrated system is a morditicmal approach where a single
entity operates the entire electrical supply systeln a market based approach the
electrical supply system is deregulated and opemetb allow several companies to
compete to provide services to drive efficiencycasnpanies focus on maximising

profits.

According to (J. Contreras 2002) there is a denfan&ower Engineering Graduates to
have a better understanding of theoretical and tipeacfoundations of electrical

markets. This is becoming increasingly importarthwhe progressive sophistication of
electricity grids due to the increase in ‘must runtermittent renewable power,
incorporation of technology to create smart gridd the need for better efficiency due

to rapidly escalating costs.

Due to the size, complexity, cost and practicadityccess to resources the best method
to analysis aspects of electrical supply systents gerform mathematical simulations.
The aim of this project is to develop a flexibleapthble simulator for market based
electrical supply systems. The simulator will inoorate concepts from the largest

electrical supply system in Australia the Austnalidational Electricity Market (NEM).

The development of the simulator required backgdowsearch on the NEM including
its organisation, management and the technologylogegp within the network.
Collection and analysis of NEM data to gain an usiding of the key aspects

including demand profiles and how different generatechnologies are used.

The simulator was developed using a rapid prototye¢hodology with the high level
programing language and environment MATLAB. The uiftb functions and the
graphical layout editor in MATLAB were used to sgeap development and to

incorporate higher levels of functionality.



2 Literature Review

There are extensive publications on software timlsesearch and analysis of electrical
supply systems. The software tools range in funelity and design purposes. They
also range in levels of complexity and realism freeny basic to replicating real world
systems. These tools can use game theory, prieedsting and market simulation to
better understand the complexity of electricity @ypsystems. (M Widjaja 2001)
concluded market simulation was the most effectiue to its ability to capture the
dynamic movements of markets. Game theory is lunite finding the market
equilibrium and not suitable for dynamic analysied gorice forecasting approaches
employing time series methods. Using load demaedds will not reflect strategic
bidding by generators.

The design purpose sets the theme of the simudaidrange in their application from
educational demonstration tools to in depth sinoutator real world applications. The
design purpose also sets the complexity which mngem multiple generators
competing in a single pricing pool with a singleadoto more sophisticated models
incorporating multiple load centres and the redgluitgansmission infrastructure.
Different models also vary in their use of techhicanstraints and the audience they
cater for.

(J. Contreras 2002) and (Dejan Pavavan 2003) pregenlators that allow a group of
people to come together across a network to craatenergy market with someone
acting as the market operator (MO) and everyone atting as market participants
(MP) to simulate the multiple competitors. The siator acts like a game with the
winner being the person who earns the most profitralies on the revenue of each MP

being made public.



(J. Contreras 2002) educational market simulatorefigineering students is based on
the Spanish electrical supply system. Studentsaasigned five generators and their
respective operational and cost characteristics hade no knowledge of the
characteristics of their competitor's generatotse Simulator works in three steps. The
class instructor operates as the market operatdrbaoadcasts hourly loads to the
students. The students derive a strategy and semtligtion bids back to the market
operator. The market operator clears the marketlatermines the market price and the
revenue of each group. The students have acceasptae forecasting tool and an
optimisation tool to help maximise the profit oickagenerator. Constraints used include
maximum and minimum output power, up and down raates, minimum up time and
revenue. The tool has shown to be a good learmvod &s it encourages active

participation.

(Dejan Pavavan 2003) presents an educational degdaknergy market simulator
which is used at the University of Ljubljana forathing undergraduates and post
graduates power trading systems and mechanismsn Agadents compete with each
other to maximise profits however the process asdsuble sided auction mechanism
allowing both production and consumption bids. ®ystem was set up to allow
students to explore market pricing concepts inclgdivithholding strategies where
power is deliberately withheld from the marketnorease prices Again, the experiment
was received well by students as it requires adgtivelvement to increase motivation

and understanding in the area of electricity matket

(M Widjaja 2001) presents a simulator based on Abetralian National Electricity
Market (NEM) it was designed to allow stakeholdi@rghe industry to analyse market
behaviours, formulate optimum bids, and to inveg#&gdifferent market structures. It
includes a structure similar to the NEM of two mt®nnected regions and includes
calculations to model energy transmission betwegons and the losses involved. It
uses a load engine to generate demand forecaatsimilar manner to the NEM with
10%, 50% and 90% probability of exceedence basea@ mormal distribution. The
simulator demonstrates the fundamentals of the etamka very simplistic model using
fictional data. It provides a basic NEM simulataut there is a lot of potential to

expand on the model and incorporate more accugatevorld data.



(George Grozev 2007) present an agent based sondtatthe NEM called NEMSIM
to explore evolutionary pathways. The simulatdnighly complex and attempts to use
historical data, technical infrastructure, agemd markets and environmental impacts.
The agents are intelligent, adaptive and behaverdiitly to pursue unique goal, make
decisions on the basis of their own knowledge as@ptito in response to there and
others experiences. The agents are used as equat®rtoo static, aggregate or stylized
to handle the complexity of long term energy markéhulations. The simulator
includes all key players in the NEM and includeweather model covering the next

100 years.

The education energy market simulators examinedigieca good demonstration of the
operation of energy markets and supply demand fuedals. However the simulators
would benefit from the incorporation of real wordihta on demand and technology
constraints to enhance the learning experiencest Bimulators reviewed had a limited
application to their design purpose and there wa@ddenefits in creating a simulator
that was broken down into component functions swoiild be easily adapted to suit

multiple purposes.



3 NEM Background Information

Electricity is supplied through complex electrisalpply systems that are broken down
into generation, transmission, distribution andaitesectors. Generation covers the
production of the electricity, transmission is timwgh voltage transportation of
electricity from the generation centres to the loaghtres. Distribution connects
individual customers to the transmission system #rel retail sector collects the

revenue from customers.

There are four main electrical supply systems irstAalia. Two vertically integrated
systems, NT Power (Northern Territory) and Watet klorizon Power (north Western
Australia). There are two market based systems,|¥8hte Electricity Market (WEM)

covering south west Western Australia and the Aliaim National Electricity Market

(NEM) covering Queensland, NSW, ACT, Victoria, Tasria and South Australia.
(Davidson 2010)

The NEM is the largest electricity supply systemAumsstralia generating 204 TWh and
collected $7.4 billion in revenue from 9 millionstamers in the 2010/2011 financial
year. The NEM is made up of 305 large generatdtts an installed capacity of 49,110
MW. There are six transmission companies with @3,&m of line, thirteen

distribution companies with 754,462 km of line &@lretail companies. The NEM has
a record maximum summer demand of 35,551 MW andiimar winter demand of

34,442 MW. The NEM supplies energy to several déffie types of customers from
residential and commercial to heavy industry FigBre Electrical usage in the NEM

Source:Energy Supply Association of Australia. (Australianergy Regulator 2011)

There are three main organisations in control & NMEM. The Australian Energy
Market Commission (AEMC) write the rules. The Aasitin Energy Regulator (AER)
enforces the rules and the Australian Energy Mamage Operator (AEMO) manages
the market.

The NEM is operated as a whole but is broken dovm 5 regions based on the states
that are priced separately. The regions are ceederith high capacity transmission
lines called inter-connectors that allow energyb® traded between the regions.
Transmission and distribution are supplied by matiep due to the nature of the

service, but there is competition in the retail gederation of power.



Energy is traded in the market by retailers ancegaors using financial mechanisms to
hedge and trade around the spot market in orderaioage their financial risks. This
allows the market to offer firm contract pricesend user customers. Electricity is

traded three ways (Davidson 2010).

Bilateral contracts are used in the short term ggnerarket and the balancing market.
Bilateral contracts account for 95% of the energgéd in the NEM. They are contracts

between retailers and generators.

The STEM 4 market volume is a day ahead, half foogen market that allows

participants to buy and sell volumes of electri¢tynanage their bilateral portfolio.

The Balancing Market accounts for 6% of market wduand is used to manage

adjustments in traded volume (Davidson 2010)

ARRRT N FISFAgE

Figure 3.1 Electrical usage in the NEM Source: Energy Supply Association of Australia



3.2 Generators

Electricity is traditionally generated at large tafised installations using fossil fuels or
hydro power. As well, energy generators generatemee by providing ancillary
services including reactive power and network fesgy control. Different types of
generators are used for maintaining grid stabdityl operational flexibility. Recently
there has been a rapid increase in intermittentiveind solar power driven by large

government incentives.
Generators are classified into three groups:

e Scheduled. (S)
* Semi scheduled. (SS)
* Non-scheduled. (NS)

Non-scheduled generators are typically less thanM3¥ and greater than 5MW
producing less than 20 GWh per year and do noicgaate in the dispatch system.
Semi scheduled generators have a nhame plate @ftid@ MW or more powered from
an intermittent energy source such as wind or runiver hydro. This classification
gives the market operator scope to limit power outScheduled generators are 30 MW
or more and participate in a dispatching systemrettkey submit bids and receive
operating instructions at five minute interval§Australian Energy Market Commission
2012)

3.2.1 Power Generation Technology

Energy is typically generated at large centralifeddlities. Most of the energy in the

NEM is generated using two types of heat engire Rankin cycle and Brayton Cycle.

Contributions also come from hydroelectricity, sgaotovoltaic (PV) and wind power.

Generators are rated in terms of their capacity d@art-up time, maximum and

minimum power levels and the rate at which thetpatilevels can be changed (ramp
rate). The majority of power in the NEM is genedhite large centralised power stations
that house several units. (Sharma 2012) (G Rantadais2010)



3.2.1.1 Hydroelectricity

Hydro power is generated from the energy fromrigfilowing water. Hydro is highly
valuable to the market due to its ability to stgstand shut down in seconds. However
output from hydro facilities is severely affecteg¢ Hrought and can be seasonal.
Development of Hydro capacity is almost completeblted due to environmental

concerns preventing any substantial new dam deredop (MORAN 2006)

Hydro power is also used as grid scale energy gota stabilise demand. Water is
pumped up hill during periods of low demand to twrexd as potential energy. During
periods of high market prices the energy is exéhdtom the water. This occurs at
facilities such as Wivenhoe Dam in Queensland weagh energy can be stored to
produce 500MW for 10 hours (CS Energy 2011).

3.2.1.2 Wind

Energy is extracted from the wind using turbinesapacities up to 2.1 MW. They are
generally grouped into wind farms comprising seléugbines. Wind power can be
highly intermittent but good weather models ex@t gredicting wind power output for
several days ahead.

The output from a wind turbine is in proportionwand speed as illustrated in Figure
3.2. The cut in speed is the minimum wind speedie@dor the turbine to generate
power. The cut out speed is the wind speed at wihielturbine shuts down to prevent
damage. (PelaFlow Consulting 2012)
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Figure 3.2 Wind turbine power output

3.2.1.3 PV Solar Power.

Solar photovoltaic (PV) systems use the photowl&ffect to convert sunlight into
electricity. Thousands of individual solar cellg aonnected together to generate high
voltages and power is feed back into the grid byeiters. Solar PV systems are
installed in the NEM as small distributed systeiiifee output from a solar PV system is
shown in Figure 3.3 where the output is relatedthe solar irradiance and the

temperature of the cells.
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Figure 3.3 Output from solar PV (Wholesale Solar 2012)



3.2.1.4 Rankine Cycle (Steam)

The Rankine Cycle is a closed loop heat engine tsedipply the majority of power
around the world. It is capable of utilising anyahsource including geothermal, coal
and nuclear. The Rankine Cycle utilises an intewwalking fluid, typically water, but
other chemicals can be used in an organic RankyméeCThe Rankine Cycle uses the
difference in entropy between the gas and liquatkest of its working fluid. Due to their
size they can take hours to days to start up. Tyygigally run for hundreds of days at
time to reduce the need for expensive liquid foedtart the boiler and to reduce stress
and fatigue on the components. Evaporative coofet$ can use as much as four litres
of water per KWh produced to reject the waste Httional Water Commission
2012). They require large volumes of water dueuidbups of salt and silicon as the
water evaporates. Units are rated based on stpamatong temperature as either sub
critical or super critical. The higher the temparat the higher the efficiency. An
example is the Toshiba units in NSW at Bayswatearrigg, Mount Piper and
Munmorah. The units located at these power stattenge a minimum capacity of
270MW up to 660 MW and ramp rates of 140 MW/ minute

Figure 3.4 Schematic of the Rankine Cycle (MPEI 2012)
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3.2.1.5 Brayton Cycle (Gas Turbine)

The Brayton Cycle describes the operation of opeecgas turbines (OCGT). OCGT
use air as the working fluid. Air is compresseatioigh pressure. Heat is then added by
burning natural gas or light petroleum productsnrease the volume of the air. The
energy is then extracted from the air by expandinthough a turbine. OCGT are
simpler than the Rankin Cycle due to a smaller remdd parts and the smaller size.
They require precision manufacturing and expensall®ys to resist the high
temperatures. OCGT are typically used as peakiagtpldue to their low installation
cost ability to start and ramp up very quickly. sich as 70% of the energy from the
fuel used is lost as waste heat in the exhaustavitither 10% lost through lubrication
radiation (Sharma 2012).

3.2.1.6 Combined Cycle Gas Turbine (CCGT)

A CCGT uses the waste heat in the exhaust gassas @CGT to power a boiler
combining the Brayton Cycle with the Rankine Cycl€his approach results in very
high thermal efficiency. Examples include the Twhara power station in NSW it has a
240MW gas turbine and a 160 MW steam turbine calpbgether to drive a single
generator (Alstom 2008).

3.2.2 Generator Properties

Depending on the type different generators havéerint technical properties that
impact on the rest of the electricity network. Thésimportant as they affect the
electricity network to response to changing madaetditions to change their output or
start up or shut down. Other important propertietude axillary loads, efficiency and
the cost.

11



3.2.4 Technical Properties

Technical Properties cover the limitations of théfedent generation technologies

including their technical limitations, life time drfficiency.

The axillary load (aux load) represents the eleatrpower consumed at the power
station to run the generator. Auxiliary loads incal fired plant can be as high as 20%
as large motors are used to run the pulverisintsyrihe induced and forced draft fans
on the boiler and the condenser pump as well ast#i®n plant used to process water,

handle the fuel and manage the ash and dust prdduce

A generator’s efficiency varies directly with itsitput as components are designed to
operate most effectively at high output power levahis is referred to as the part load

performance/efficiency.

Part Load Parfor manos

Efficimrcy %)

Porcent Load {34

Source:: EEATCE

Figure 3.5 Part load performance of OCGT (Energy and Environmental Analysis 2008)
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Figure 3.6 Hydro power part load efficiency (Intelligent Energy Systems 2008)
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Table 3-1 Comparison of Generator Properties

@ B | ® & & -
- © > © &> o &> ol > o - E
g 5 T |5 2|5 &g &g 88 |EelE
29 t o | E o gl o g & gL 8 x T S|
c o I = Ol &= o = o = O O -40—')
72 |5 E|& =1 TR I = T 2 8|35
Diesel 1-5 40%
) . ) 38% 37% 35% 25% - - -
Engines min min
(0]
PN 5_20 | 20%
Cycle Gas . ) 33% 28% 25% 17% 1.009 97% 30 years
. min min
Turbine
Combined 30-60 | 5-10%
Cycle gas ) ) 55% 52% 46% - 2.90% 92% 27 years
) min min
turbine
Steam
Turbine 60-600 | 3-5%
) ) 38% 34% 28% - 9.80% 90% 40 years
sub min min
Critical
Super 60-600 | 3-5%
- . ) 45% 43% 41% - 9.80% 90% 40 years
Critical min min
41% 50-100
Hydro seconds 89% 84% 75% 60% 0% 30%
AEMO years
25%
Wind - ) - - - - - 30% 20 years
min

(Vuorinen 2007) (lhle 2003) (M.W. Coneya 2004) (Hianovwiona 2004) (Chalmers
2010)

3.2.5 Generator Costs

The costs of electricity produced by a generator ba broken down into several
components including capital costs, fuel costsemdronmental costs. Costs that don’t
change with unit energy output are referred torefcosts. Variable costs vary based
on the amount of energy produced. The life cyclstcwary significantly between
different generation technologies Figure 3.7.
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Figure 3.7 Life cycle cost estimate (Australian Energy Regulator 2009)

3.2.5.1 Capital Costs

The capital cost relates to the costs of buildingwying a generator and the associated
financing costs. This cost is spread out overtaldutput energy so unit capacity plays
a big part in calculating finance costs per MW.

Table 3-2 Capital cost for different generation technologies

Technology Black coal Brown coal |OCGT CCGT Wind
Capital Cost
($/kw) 2348 2583 1010 1402 2588

(ACIL Tasman Pty Ltd 2010)

3.2.5.2 Fuel Costs

The fuel cost is a large component of total costsgenerators and can vary based on
the current world prices and on location as showTable 3-3. Fuel quality varies
considerably between sources and can have congliddlaw on effects. For example
coal moisture and sulphur content have an impac¢hertost of operating a plant. High
moisture reduces plant efficiency and high sulplewels increase compliance costs.
Fuel prices vary significantly between geographioations. Across Queensland coal

fuel costs vary from 0.80 $/GJ at Kogan Creek #tb2/GJ at Collinsville (Appendix
E).
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Table 3-3 Generator fuel costs

Technology Black coal Browncoal OCGT CCGT Wind
(natural gas) (natural gas)

Fuel Costs 1.68 NSW- 0.08 0.61VIC 7.9 NSW-  5.32 SA- 0

($/GJ) 1.26 QLD 5.24VIC 4.19 VIC

(ACIL Tasman Pty Ltd 2010)

3.2.5.3 Operation and Maintenance

Operation and maintenance costs are calculateddbase fixed and variable
components. Factors influencing maintenance cosisde hours running, ramp rates

and the number of unit restarts.

Variable operations and maintenance (VOM) includessumables such as chemicals,

oils and energy used in auxiliaries and incrementahing costs.

Fixed operation and maintenance (OM) cost incluslsicing costs that do not vary
with unit output this includes major periodic ma&nance (bearings and valves), wages,

insurance and overheads.

The maintenance costs of OCGT are typically high thutheir operation as peaking
plant where they only operate for short perioddroé and are under extra stress due to

continual starts and stops and high speed ramping.

Table 3-4 Generation operation and maintenance cost

CCGT Wind

Technology Black coal Brown coalOCGT

Fixed
Maintenance
costs
($/installed
Mw/year)

51691 59229 14000 33384 22076

Variable
Maintenance
costs ($/Mwh)

(ACIL Tasman Pty Ltd 2010)

$1.29 $1.29 $8.08 $1.13 $1.89
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3.2.5.4 Environmental Costs

Government policies are in place to charge poweeggors based on the impact on the
environment. This includes the Federal Governme@&sbon Pollution Reduction
Scheme, initially charging $23 per ton of equivalearbon dioxide emissions.
However there is a $6.1 billion Electricity Sechadjustment Scheme for the electricity
industry from the Federal Government to compengat¢he effects of the carbon tax.
The bulk of the funding will go to the brown coarerators as the equation used to
determine compensation heavily favours generatoith whe most emissions

(Department of climate change and energy effic&i}?2) .

Table 3-5 Power generation lifecycle greenhouseegassion

'I;:eoc;er}(ls/ll(\)/sz' t Mean Min Max
Brown Coal 1.05 0.79 1.37
Black Coal 0.89 0.76 131
o]] 0.7 0.5t 0.94
Natural Gas 0.5 0.36 0.89
Solar PV 0.0¢ 0.01 0.7¢
Nuclear 0.03 0.02 0.13
Hydroelectricity 0.03 0.02 0.24
Wind 0.0z 0.01 0.12

(World Nuclear Association 2012)

There are also state based emissions taxes stica BSW Load Based Licence (LBL)

implemented in 2000. It uses a formula to calcudatessions pricing that combines the
total weigh of pollutants emitted, a weighting facbased on the hazard level of the
pollutant and a weighting based on the locatiothefemissions. Pollutant weighting
include 9x for nitrous oxide, 2.2x for sulphur oggland 125x for fine particles. This
tax is to encourage the use of technology to redhese emissions including bag
houses for dust and better boiler controls for NDie fuel quantity and technology

deployed has the greatest impact on this cost@srsim Table 3-5. (NSW EPA 2003)
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Table 3-6 Variation in environmental loads betweeal power stations

Plant 1

Plant 2 Plant 3

Plant 4

Efficiency
(HHV)

Nitrous oxides
(kg/MWH)

35

4.22

32 39

2.89 3.02

30

3.48

Sulphur
oxides
(kg/MWH)

Particulate
matter 10
micrometres
or less
(kg/MWH)

2.69

0.68

4.05 2.53

0.13 0.15

4.64

0.03

(J. C. DINIZ DA COSTA 2006)

Table 3-7 2011 LBL Emissions tax for Eraring Poggation

Pollutant Total Emission's (kg) Cost
Selenium- Estuarini 67 $2,718.1
Total suspended solids - Estuarine  43,895.000 $3,286.63
Benzo(a)pyrene 0.328 $38.59
Fine Particulates 1,232,189.000 $867,155(35
Fluoride: 643,630.00 $372,026.6
Salt - Estuarine 0.000 $0.00
Arsenic 67.000 $17,363.88
Coarse Particulates 12,446.000 $908.88
Leac 87.00( $3,882.5!
Sulphur oxides 34,326,112.000 $306,374.28
Nitrogen Oxides 28,077,930.000 $2,050,418.92
Mercury 84.000 $48,787.04
Administrative fee: $45,360.0

Load based fee:

$3,627,600.98

In 2011 Eraring generated 13,971 GWH for a totalL Ld®st of $0.26 per Mwh with
greenhouse gas emission of 0.843 tonnes of co2e/ifivaring Energy 2011)

(Environment NSW 2011)
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3.3 Transmission

Transmission is the distribution of electricity\agry high voltages, typically from 220
kV up to 500 kV. In the NEM this service is perfadh by Transmission Network
Service Providers (TNSPs) who operate as large pwigs within each region e.g.
Transgrid NSW and Powerlink Queensland. TNSPs aspansible for the high
capacity transmission from the generator centrédeddoad centres. As TNSPs operate
as monopolies their revenues are regulated by e Ander rules determined by the
AEMC.

TNSPs also operate high capacity transmission beéseen the NEM regions called
interconnectors described below in

Table 3-8. This allows for better utilisation oErgeration equipment, enhanced
competition in the NEM, an increased ability foe third to handle contingencies and a
smaller regional generation capacity. Typicallyréhés little transmission congestion

within regions and some congestion between regions.

There are two types of interconnectors in the NHEWgulated and unregulated.
Unregulated interconnectors generate income byniguginergy in a cheaper priced
region and selling it in the higher priced regiétegulated interconnectors receive a
fixed income based on the asset value of the odanector. This is collected from
consumers as part of network charges. Basslinknteeconnector connecting Victoria
and Tasmania is currently the only unregulatedriotenector in the NEM (AEMO
2012).

While most transmission in the NEM is done usingA®/there are also some HVDC
interconnectors. HVDC is used due to lower cosghér efficiency and the greater

control over power flow and eliminating frequensgues.
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Figure 3.8 NEM transmission requirements

Table 3-8 NEM interconnectors

Inter Description Export Import Inter region transfers
connector capacity | capacity | week ending 4 August
name (MW) (MW) 2012 (Mwh)
VIC1-NSW1 | 330kV, 220kV AC| 1620 1260 30,365 to NSW
Victoria to NSW 11,008 to Vic
1,118 loss
Heywood 275kV AC Victoria to| 420 460 52,023 to SA
South Australia 1,244 to VIC
3,348 loss
Murrylink 180km Bipolar 150KV DC 220 190 4,098 to SA
Victoria to South Australia 1,142 to VIC
710 loss
Directlink Three circuits of 59km 16| 100 250 0to QLLC
kV bipolar DC NSW to 13,911 to NSW
QLD 736 loss
ONI 557km double circuit 330520 1080 183 to QLD
kv and 275 kV AC 72,564 to NSW
transmission lines from 404 loss
NSW to Queensland.
Basslink 370 km 400 KV submarin| 600 480 59,466 to VI(
cable DC VIC to TAS 3,460 to TAS
2,451 loss

(ESAA 2012) (AEMC 2010)
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3.4 Distribution

Distribution Network Service Providers (DNSPs) amenopolies that are responsible
for the deployment and maintenance of the infrastme that takes power from the
transmission system and delivers it to the conssimgnis area has been a significant

driver in increased electricity prices due to sabsal investment in this part of the

network.

Table 3-9 DNSPs in the NEM

(Australian Energy Regulator 2011)

3.5 Retail

There are several retail companies that competediessumers in the NEM. Each retail
service provider consolidates all of the costs @ased with generating and transmitting
energy and collects the money from consumers. r8etagiff structures are available to

consumers including fixed pricing and Time of U3®W) pricing. Fixed pricing costs

are passed on as a fixed tariff on energy consuRecently ToU is being used to better
reflect the costs of supplying electricity where tirice of electricity varies based on the
time of day and if it is a business day. Thereadse different tariffs for scheduled loads

such as off peak hot water systems.
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Retailers use financial mechanisms to hedge variatarket prices in order to manage
financial risk and allowing them to offer firm coatt prices for end users. Prices for
regulated electricity is set through independeritimy tribunals like Independent

Pricing and Regulatory Tribunal of NSW.

Figure 3.9 shows a breakdown of the cost compontmtdhe Aurora distribution
network. The largest cost component for consunretiseé Aurora network is the cost of
the transmission and distribution with around 40%aoconsumers bill paying for

generation.

Energy generation 40.4%
Bistribution 3N.2%
Transmission 174%

Retail components 8.1%

(ieher finel. renewable
BNErgy costs)

2.9%

Figure 3.9 Residential bill cost breakdown for Aurora network. (Aurora Energy 2011)

3.6 Networklosses

Losses account for approximately 10% of the senetactricity generated in the NEM.
Around 2.5 - 4.5% of the losses occur in the HWigraission network the rest in the LV
distribution network. These losses are of significamonetary value and are accounted
for in the NEM using a Distribution loss factor (B), a Marginal loss factor (MLF)
and inter region loss factor. DLF and MLF values static values calculated and fixed
annually to simplify the scheduling and settlemprucess. While due to the dynamic
nature of the interconnectors a dynamic loss fastoalculated during unit dispatch for
the inter regional losses. (AEMO 2012)
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To deal with losses in the NEM the transmissionwoek is broken down into
transmission connection points (TCP) and distrdouttonnection points (DCP). With
the DCPs allocated to a single TCP, the NEM rulee allow for virtual connection
points if multiple TCPs are available. All loadsdagenerators are allocated to a single
TCP or DCP. A single TCP is chosen in each regiod i@ known as the regional
reference node (RRN). Regional demand and the e are then calculated at the
RRN. The loss factors are then used as multipleget the spot price at each TCP and
DCP in the network.

The DLF is used to account for the losses in te&iution system. The DLF is a static
value calculated from the volume weighted lossethénnetwork based on the previous

year’s data. Results are updated and publishedBW@ each year.

Losses in the transmission network are calculasémgua marginal loss calculation. The
marginal loss factor reflects the increase in daive@trthe RRN based on an increase in
demand at each TCP. The MLF is calculated fromohistnetwork flows from the
previous financial year. This marginal calculatroeans the MLFs can be less than one

if local generation is less than local demandarergy flows away from the RRN.

Losses on interconnectors are calculated dynaryioalhg a pre-determined loss flow
relationship based on the demand in each regiorhenftlow on the interconnector. It is
done this way because flows and losses on thecorieector can be highly variable and

can change significantly from year to year.

To take losses into account the spot price at eade is calculated as the price at the
RRN multiplied by the MLF and DLF if applicable. &a generator submits bids
offering electricity referenced to their TCP soith®ds are multiplied by their MLF to
get their bids at the RRN. During periods were the&er-connector system is
unconstrained the entire NEM is calculated as gleipricing pool with the price
difference between two regions based on the irgemal loss factor. During periods
where the interconnector system is constrained eagion is considered a separate

pricing pool and electricity prices between regioas vary dramatically.
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3.7 Market Management

AEMO was established in 2009 as an independentn@a@on to operate the
Australian NEM and the natural gas market. AEM gdablishes information to assist
market participants to make appropriate businessisides. AEMO publishes
information including pre dispatch data, short teemd medium term forecasts,
expected demand and required reserve levels. Wheéerules AEMO is required to
manage the NEM to a reliability standard of 0.00@Pserved energy over a 10 year
average (AEMO 2011).

AEMO operates several services to ensure adeqpatatemn of the NEM

» Active Energy — Main product of the NEM suppliedaihgh a bidding system,
generators receive dispatch instructions everyriveutes, worth billions each

year.

* Network Control Ancillary Service — Manages thetagk of the grid primarily
through the control of reactive power levels. AEMfers into contracts with
generators to control reactive power levels, tegdie of the contracts is around

$34 million per annum.

» Frequency Control Ancillary Service (FCAS) — Supglby a bidding system
used in between the energy dispatches and useditdaim the grid at 50 Hz

and deal with forced outages. Worth around $34IBomiper annum.

» System Restart Ancillary Service — AEMO has congradgth several generators
that have the capability of performing a blacktstditheir generators. This
function is essential for restoring power in caka oatastrophic blackout in the
NEM. Worth around $37.7 million per annum.
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Figure 3.10 Operation of the NEM (Engineers Australia 2010)

Figure 3.10 shows the operation of the NEM for ltidding based services. Generators
submit supply offers to AEMO detaining price anadguction levels. AEMO uses the
supply offers to dispatches generators to meetiéimands of the NEM. Even though
generators and retailers make off market contralttenergy is still traded through
AEMO with compensation being paid between genesaad retailers when the market

spot price varies from the contract price.

3.7.1 Forecasting

Forecasting is an important tool used in the NEMislused to forecast electricity
demand and the adequacy of generation and tranemigfrastructure over the short to
long term. This is becoming increasingly difficuitith the growing penetration of
intermittent wind power and small scale distributgmlar photovoltaic power. Long
term forecasts are used to predict areas in the NE¥ will require an increase in
generation/ transmission capacity. AEMO publishes forecasts and supplies tool to

allow operators in the NEM to make appropriate hess decisions.
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Load forecasting is provided by Itrons MetrixIDRsggm. It uses an automated system
that continual updates important data on large strél loads, power station auxiliary
loads and uses the latest weather forecasts talagdcdemand in across each region.
The system is integrated with AEMO wind generafiorecasting system to accurately
predict the impact of wind generation. The algantluses a ‘neural network and
regression model specifications, designed to capinear and nonlinear interactions
between load, weather and calendar information’Prdprietary Dynamic learning

algorithm ensures the forecasts are continuouslgduo most recent loads. (Itron 2011)

3.7.1.1 Short term projected assessment of system adequacy ST PASA.

The ST PASA provides half hourly demand forecaststhe next seven days. The
algorithm is run and results updated every two &olir provides a benchmark for
AEMO to intervene in the market to commit extraaeity and provide information on

expected demand to the market participants. Theridighn uses data on plant
availability and network outages and calculateseetqed power demand giving a 10, 50
and 90 per cent Probability of Exceedence (POE$. 90P%6 POE is the most likely load
curve with 10% POE used to assess impacts of lavergéion capacity. 90% POE is
used to assess the impacts of low demand. Sctditgrs are varied to represent
changes in the market that vary over season, weak,and peak/ off-peak time.

(AEMO 2012)
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Figure 3.11 ST PASA process.

3.7.1.2 Medium Term Projected assessment of system adequacy (MT PASA)

MT Pasa is used to ensure sufficient generatioaaigpis available to satisfy demand
over the next 24 month period. It is used by markatticipants to schedule
maintenance. In cases were inadequate supplyasable it is expected market
participant will reschedule planned outages to tkeantage of high market prices due
to reduced supply. The results are based on a 1D&dnd only includes units that can

be made available within 2 hours.

To ensure the market will be able to satisfy tHeldity standard AEMO calculates a
minimum reserve level (MRL) on top of the MT PASPhe MRL is calculated using a
Monte Carlo simulation of weather and subsequentaihel levels and probable forced
outage patterns to ensure enough generation cgpacavailable so the reliability

standard can be met (Equation 3.2).

Generation + import > demand + MRL Equation 3.1 Reliability standard criteria

MRL =
minimum local generation +

interconnector support - 10% POE demand adjusted for demand side participation
Equation 3.2 Minimum Reserve Level
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The reliability standard is at risk during periaafsa reserve deficit when supply is less
than the MT PASA forecast plus the minimum resdewel (Equasion 3.1). If AEMO
detects a reserve deficit, market forces will emaga generators to bring make more

capacity available, if this does not occur AEMQ aatervene in the market.
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Figure 3.12 NSW supply outlook MT PASA 11/9/2012 (AEMO 2012)
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3.7.3 Frequency Control Ancillary Service

The FCAS system is used in the NEM to maintainfteguency of the grid and manage
the spinning reserve in the system. The FCAS sysiperates in between the five
minute energy dispatches and allows both generatiodslarge loads to bid into the

system to rapidly increase or decrease energyadiiity. The FCAS system operates
under a causer pays model where consumers pay car60% of the costs and

generators paying the remainder. Generators deCAS costs due to forced outages,
not complying with market instructions and if theégviate from a linear ramp between

two dispatches.

FCAS is used to maintain the system frequency usinmggulation product for fine
frequency adjustments and contingency productsnduai large frequency deviation
caused by forced outages. During a contingency F@A8s on the inertia of large
generators to maintain system frequency for trs¢ sieveral seconds. AEMO then uses
fast ramp rate generators to change their outpetdeo respond to the interruption. |If
system frequency drops below 49 Hz AEMO will begimder frequency load shedding
(ufls) and begin dropping load. Load shedding isedosing a pain sharing policy where
demand is dropped from each region in proportiomotal regional demand until the
frequency can be stabilised. If the frequency cams to drop, AEMO will begin
isolating sections of the NEM in an attempt to eimthe frequency issue. The NEM is
required to operate to the frequency standard @9 50.15 Hz for 99% of the time,
contain a multiple contingency to 47 — 52Hz andbitisee the frequency to 49.5 — 50.5
Hz within 2 minutes and recover to 49.85 — 50.15within 10 minutes (Australian

Energy Market Commission 2009, p. 15).

Regulation raise and lower are used for continucosection of small frequency
deviations. Required reserve levels are set orakaind error basis where each month

the performance is assessed and levels modified.
FCAS regulation categories
* Regulation raise

* Regulation lower
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Contingency raise and lower are used in the eveaonplanned outages in the NEM.
Required levels are set based on the largest genenad largest load block that could

fail plus an allowance for load relief.
FACS Contingency products

* Raise 6s — arrest a large frequency deviationdaattishedding
* Lower 6s —

* Raise 60s — stabilise and begin correction of eegy

* Lower 60s

* Raise 5 min — return system to normal frequencylban

e Lower 5 min

Due to financial constraints the FCAS system isigiesi around the largest single
contingency as this is the most practical methdthohigh as events on th&°af July
2009 showed there have been large multiple conimgesvents that the system
adequately handled. Of“July 2009 a fault in the switch yard at Bayswa®emwer
Station caused all four BW units to trip instantlJhis then resulted in several
transmission line trips and four other generatdtsuftom Victoria to Queensland to
trip. The NEM lost a total of 3,205 MW of generatiwithin a few minutes. With the
aid of load sheading of some large industrial, ca@mial and residential consumers the
FCAS system was able to maintain grid stability aecover from the fault. (ESOPP
2011)

Figure 3.13 Under frequency load sheading containment. As frequency deviates from
50Hz FCAS response escalates.
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3.7.4 Generator Dispatch

The core operation of AEMO is to run the energy kearBy Midday one day ahead
generators submit energy and FCAS bids to AEMCef@ry hour of the next day. The
bid for each product can have up to ten blocks e/tesrch block details a price and
production volume. Generators are able to change thds up to 5 minutes before
dispatch but they can only change the productidare, not the price.

At five minute intervals AEMO runs there Schedulifyicing and Dispatch algorithm
(SPD) to calculate the instructions to send to ggnes. The SPD combines the bids
into a merit order list and dispatches the lowesit ayeneration capacity until all
demand is satisfied. The price of the highest aeckpid is then used to set the market
price. The SPD algorithm uses a linear problemesdie find a solution to the problem
ensuring all market supply security constraints raet. The SPD algorithm is set to
minimise the total value of electricity purchasetoas the entire NEM not on a region
by region basis. This includes generation capaaity ramp rate limits as well as
transmission limits across the network. If an adéggolution cannot be found the SPD

algorithm begins relaxing constraints until a solutis found (AEMO 2010, p. 52).

3.8 Future of the NEM

The NEM is under constant change as demand flestpagovernment policy
intervention, new generation and transmission dapacinstalled and aging generators
are retired. AEMO has considered plausible futdmesthe NEM that cover several
scenarios including a slow rate of change, a fast of change, oil shock and adaption
and a decentralised world where it becomes chetapgenerate power at the load

centres.

3.8.1 Aging Infrastructure

As power stations are designed with a limited there is a need to replace existing
power stations. Several power stations are expdotée retired in the next few years
and will need to be replaced. There are long teads for replace large power plants.

Listed below are the candidates for retirement tivercoming years.
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Table 3-10 NEM retirements

Fixed retirement candidates| Region By year

Candidate

Callide A QLD 2015/16
Mackay QLD 2016/17
Swanbank B (2 & 4) QLD 2010/11
Swanbank B (1) QLD 2011/12
Swanbank B (3) QLD 2012/13
Munmorah NSW 2014/15
Playford: SA 2016/17

As the power stations are retired and demand aeexiio grow there is considerable

uncertainty in what they will be replaced with.
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Figure 3.14 Potential growth in NEM generation infrastructure (National Water
Commission 2012)
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3.8.3 Renewable Energy Targets

Along with several other countries around the wahiel Australian Federal Government
has set a target that at least 20% of Australiléstecal energy should come from
renewable sources by 2020. This is designed tcedrimovation and investment in
green energy and propel Australia to a clean enrtgye. It is expected by 2020 green
technologies to be providing 45,000 gigawatt- haofre&nergy. The scheme has been
broken down into a Large scale Renewable EnerggefaLRET) and a Small scale
Renewable energy scheme (SRES). LRET is to drigelacale projects including wind
farms and large solar thermal facilities. SRES®igtentivise solar PV panels and solar

water heaters. (Department of Climate Change amrddyrEfficiency 2012)

This will have a significant impact on the NEM. Opeoblem with high levels of
renewable generation is the inertia in the systseduo maintain system frequency
during the first 6 seconds of the FCAS responseortfer to ensure system stability
minimum levels of inertia are needed. This meansimimum number of thermal
generation plants need to be in operation at mlesi In the case of South Australia
which has the greatest instalment of wind ener@® BIW of synchronous generation
has been recommended. (ACIL Tasman Pty Ltd 2010)
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4 NEM Operation

To aid in the design of the simulator, data frorwesal sources was collected and
analysed to gain a greater understating of theabiparof the NEM. Data from several
sources including AEMO dispatch data, CSIRO sala@diance data and temperature
data was analysed in MATLAB. This helped to quanti€lationships and better
understand demand, pricing and how different geiweraechnologies are deployed in

the NEM.

4.1 NEM Demand

The demand in the NEM sets the requirements foirétalled generation capacity and
transmission infrastructure as electrical energy’'tche easily stored. The power
generated must equal the demand at all times fogtld to remain within frequency
limits. The NEM must also have enough spare capaeitieal with any forced outages

that can credibly occur.

4 MEM - Electricity Use
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Figure 4.1 Weekly average demand in the NEM (oz-energy-analysis 2012)
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Demand in the NEM has a summer and winter peakaalov during the Christmas
New Year period. Summer/winter and spring/autummaleds averages are similar
across the NEM. The MP PASA shows there is a tamluén generation capacity
during autumn and spring as plants are shut down tduthe surplus of generation
capacity and plants that are taken off line for mtenance during these low demand
periods. Figure 4.1 also indicates demand has talmg in the NEM recently and
peaked in 2008/2009.

Temperature vs Demand
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Figure 4.2 Average daily temperature vs. demand

Figure 4.2 shows the clear link between demandamedage daily temperature in the
NEM. Demand will be at a minimum when the dailgege temperature is between 18
°C — 20C and demand will increases the further the tentpezais from this point.

Although there is a strong link between temperaturd demand there is still a large
variation in demand at each of the daily averagaptratures making forecasting
expected demand challenging. There is a significhfierence in demand between
business days and weekends and public holidaysdeithand on weekend and public

holiday typically varying more than on weekdays.
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Figure 4.3 2012/2011 summer demand duration
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Figure 4.4 2012/2011 winter demand duration
The demand duration curve provides informationtmn length of time different levels
of generation capacity are required. Electricitp@y systems need to be sized for peak
demand and the demand duration curves show thergniicant excess capacity on top
of peak demand. The peak is the most expensive mptweupply as facilities that
supply peaking power only run for a small partloé fyear. As most steam and CCGT
plants run continuously there is a minimum demaseded to prevent shutting down of
the units. In recent years peak demand has beevingydaster than total consumption
(Deliotte 2012, p. 4)The marginal cost of supplying peak power is edthaat
$200,000 MW as it is only needed for a very smaibant of time (Deliotte 2012, p.
20). Demand is greatest in summer for the Queeds|8auth Australia and Victoria
and in winter for New South Wales and Tasmaniahe Summer demand profile is
similar in the three large states NSW, Queenslaa\actoria but Queensland’s winter

demand is relatively lower than the other states.
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Figure 4.6 Mean winter daily load profile

The NEM has a minimum demand around 3:00 to 4:0qAEST) in the morning. In
summer there is a flat demand throughout the day @eeaks around 4pm in the
afternoon. In winter there are two significant dechgpeaks each day one in the
morning around 9am and one in the evening at 6 Tim. disadvantage of the north
south grid in Australia is clearly shown with algions peak at the same time of the day
with the exception of SA. The effect of controlledds e.g. hot water heating is clearly

visible as large jumps in demand between 10pm aa.1
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4.1.1 New South Wales

This section looks at the variation in the demarddiles.
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Figure 4.7 Summer demand in NSW
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Figure 4.8 Winter demand in NSW

NSW is the region with the highest demand in théVNdhd has a summer peak at 4pm
and winter peak at 6pm. The variance in demandypscdlly small but can vary
significantly, on extreme weather days there isextra 3000 MW of generation

capacity needed on top of the mean demand.
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4.1.2 South Australia
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Figure 4.10 Winter demand in South Australia

South Australia has the second smallest demaneitNEM. There is a steep increase

in demand at 11pm as there is only a single digiob network and all controlled loads

being turned on at the same time results in a largease in demand. The summer

peak demand is almost twice the mean demand.
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Figure 4.11 Inter region electricity flows

Figure 4.11 displays the interregional flows ofcéleity in the NEM as a function of
time. New South Wales has the highest demand fpoitad power with Queensland
exporting the most. Victoria has the most variadoe to its central location in the
NEM. There is only a small amount of time that tremsmission lines between regions

are pushed to their maximum limits.

4.1.3 Installed Generation

Table 4-1 Installed generation capacity in the NEM (winter)

Y,
3l 8
m S
21 318 g|¢ £ 25 3z ™
o | O © 2| 8| |5 g 2 5| Mw
3 — — = °©lo o F
5| 2
QLD | 64.78| 13.86 12.15 009 310 497 0098 24 13/399
NSW | 66.83| 858| 3.35 151 258 158  1.18 4 17,841
VIC |56.23| 1541 0 | 7.08 233 185 041 445 12,858
TAS | 0 | 63 | 7.37| 496 043 8078 0.17 9 2,823
SA | 39.1 | 17.45| 1255 2295 500 005 2.8 153 5242
Total | 29,60
6,390| 3,090 2510 1455 8071 544/6 2381  51/665
Mw) | 3

(AEMO 2012)
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Generation and transmission limits in the NEM havewer value in summer than in
winter as the higher atmospheric temperature redtieeability to reject waste heat and
effect thermal efficiencies. Electricity generationthe NEM is dominated by steam
power plants fuelled by coal. The market is expeiieg a rapid increase in the
installation of wind and solar power. The non-sclied capacity in the NEM several
smaller generators made up of 1,113 MW of wind, 884 of reciprocating engines

and 417 MW of hydro. SA is the leader in interrmtteenewable energy and is highly
reliant on the inter connecter system with Victorfaenerators can exceed their
registered capacity for short periods if high mankeces justify the added cost. For
example Eraring Power Station is registered witltapacity of 720 MW and a

maximum capacity of 750 MW.

4.2 Market Prices

The spot market prices in the NEM are set every halir as the average of the 6
previous 5 minute dispatches. The NEM is limitechtourrent floor price of negative
$1000 MWh during periods of excess generation dgpand a market cap of $12,500
MWh where the demand is greater than supply. Audative price limit also applies so
the average price over a seven days period inghesiegion can’t exceed $558 MWh.
Most electricity is sold through off market cont®avith compensation being paid
between retailers and generators when the spo¢ pacies from the contract price.
(AEMO 2012)

Markel Prices 2011

Figure 4.12 Market prices 2011 (negative prices ignored).
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Table 4-2 Average energy price in the NEM

Year NSW | QLD SA TAS VIC
2008-2009 38.85 | 34.00| 50.98 58.4% 41.82
2009-2010 4419 | 33.30, 55.31 29.37 36.28
2010-2011 36.74 | 30.97| 3258 29.4% 27.09
2011-2012 29.67 | 29.07| 30.28 32,58 27.28

2012-2013 | 60.31 | 58.25 69.25 51.03 63.68
(AEMO 2012)

Queensland had a high number of price spikes irl 20t across the NEM the price
typically trades in tight bands. Drought in 2008sulted in very high prices in
Tasmanian due to their heavy reliance on hydroet#gt (Bureau of Meteorology

2009). The energy price in the NEM has generalgnbialling due to reduced demand
with the exception of 2012 — 2013 following therattuction of carbon pricing.

Prices vary each day with demand in tight bandshasvn in Figure 4.13. The extreme
ends of the price scale only occur for small pegiofitime but as the market pricing cap
allows a 500x increase in price they can still haveeffect on the average market
prices. High priced periods are caused during sugipbrt falls as the price moves from

the cost of generating the electricity to the adstot having the electricity.

Cumulative Histogram of Market Prices 2011

=

-
-

Curntion {Perceninge of Tme)

il
LA

B W . Tl il

i
Figure 4.13 Cumulative histogram of market prices 2011
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Table 4-3 Average and volume weighted energy prices in the NEM

NSW QLD VIC SA TAS
2011-2012 Average
) 29.67 29.07 27.28 30.28 32.58
Price
2012-2013 Average
) 63.10 60.48 66.84 74.00 55.25
Price
2011-2012 Volume

30.56 30.07 28.30 32.11 32.94
Weighted Price
2012-2013 Volume

66.13 63.27 71.39 80.26 58.22
Weighted Price

(2012-2013 July and August only)

Table 4-3 shows that as more electricity is nedtledorice of electricity goes up. Post
carbon pricing, Tasmania has the cheapest powertaues large hydro generating

capacity where Victoria and South Australia hadl#rgest price increases due to their
reliance on the emissions intensive brown coalichtthg the carbon tax compensation

may not be being passed on to consumers.

4.3 Forecast Accuracy

Forcast Accuracy
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Figure 4.14 Forecast accuracy
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Short term forecasts in the NEM are typically aateirto within 1% of actual demand
for 95% of the time, however there can be a largere due to failures in the network.
The small size of demand in South Australia meawysfailures in the network causes a
big variation in the forecast.

4.4 NEM Illustration

Data from different regions in the NEM was compilted examine the relationship
between generator production from different tecbgias, interconnector support, price
and demand during a week of high demand. Queensiasdchosen as it has a small
installation of intermittent renewables and is egéapower exporter. Whereas South
Australia is the opposite, importing large volumes electricity and has a large
deployment of intermittent renewables.

4.4.1 Queensland

During periods of high demand it can be seen thanvdemand tests the available
capacity there is a price spike as shown in Figuté.

Wesk of max demand QLD summer 2012
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Figure 4.15 Week of maximum demand Queensland summer 2012
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Figure 4.16 shows the relationship between demanuldgeneration technology. As
demand increases the more expensive technologeesraught online to satisfy the

increased demand.
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Figure 4.16 Relationship between demand and generation technology Queensland

A drop in availability and simultaneous price spikeFriday has likely occurred due to
a forced outage. On Monday demand tests availalalitd there is a resulting price
spike. On Thursday a drop in availability triggergprice spike which in turn brings
significant capacity online, the excess capacitgntitrashes the price. Wivenhoe
pumped storage recharges during low demand Thursdaying. OCGT and hydro are

only used to cover the demand peaks.

Weak of max demand QLD winier 2012
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Figure 4.17 Price, demand and available generation capacity week of maximum demand
Queensland winter 2012
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Figure 4.18 Relationship between demand and generation technology Queensland

Figure 4.17 shows a large difference between awéitla and demand on Tuesday,
Wednesday and Thursday resulting in unstable pris#gh winter demand in
Queensland being lower than summer demand theracapgice spikes due to excess

generating capacity.

4.4.2 South Australia

Week of max demand SA summer 2012
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Figure 4.19 Week of maximum demand South Australia 2012
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Figure 4.20 Relationship between demand and generation technology South Australia

In South Australia available generation capacity typically less than demand,
interconnector flow from Victoria is used extensywto cover peaks. On windy days a
large amount of power is generated from the wimbites with the interconnector used
to export excess power to Victoria. On days withhhdemand there is typically little
power generated from wind farms. When there iggh butput from the wind farms the

market prices is usually lower than on days with {@ind power generation.
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Figure 4.21 Week of maximum demand South Australia winter 2012
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Figure 4.22 Relationship between demand and generation technology South Australia.

Figure 4.22 shows the interconnector usage wagnpeef over OCGT until the power
limits of the interconnectors are reached and ti&GD are used to cover the extra
demand. On Friday morning low demand, intercororecbngestion and high wind
generation sent the price negative for a significa@riod of time. Again there is

minimal wind generation during times of peak demand

4.5 Unit Bidding Strategies

NSW is the only state with significant generatiapacity across the range of large
scale generation types. This section describesdiib@rent generation technologies are

operated in the market.

Table 4-4 shows coal fired steam and CCGT generatm@ running most of the time
and are run with high capacity factors. OOGT arky onn for small amounts of time
and for high market prices. The difference betwedPUMP and SHGEN the
Shoalhaven pumped storage system show it is oolynar 75% efficient and operates
on a large difference in energy pricing. The otingiro system UPPTUMUT is only for
around half the time but for high market pricese Thind farms have a capacity factors
from 23 — 39% but are producing power for 50% @f time. Wind power also receives

the lowest earnings out of all the technologiese Bolar PV system has a very low
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capacity factor but receives a higher level of g®than wind indicating the energy it

produces is of higher value to the market.

Table 4-4 NEM generator operation

Power Station Capacity Tine Units | 2011/2012| 2012 July
Factor (%) | generating | Volume August
power (%) | weighted | Volume
earnings | weighted
($/MWh) | earnings
($/MWh)
Bayswater (Black
Coal Steam 73.19 93.29 30.45 65.99
4x660MW)
Tallawarra
61.01 87.19 31.24 67.86
(1x460MW CCGT)
Colongra (4x181MW
0.53 1.07 63.87 133.58
OCGT)
SHPUMP (40MWx6)
3.4 8.68 25.98 55.24
pumped storage
SHGEN (2x40MW +
2.56 4.98 47.51 90.58
2x80) Hydro
UPPTUMUT
(82MWx4 + 17.78 38.95 35.45 65.84
4x72MW) Hydro
Solar 29.7 KW system
16.01 45.65 31.58 91.69
near Canberra ACT
Capital wind farm
_ 23.09 58.24 29.76 60.39
(wind)
WOODLWNL1 (wind) 30.7 47.4 29.5 60.8
NBHWF1 (wind SA) 39.44 74.45 25.58 63.36

The next section compares the frequency of unipwduand market prices for the
financial year before carbon pricing and the firgd months with carbon pricing. The
colour bar displays the log of the probability. Thaxis displays the spot market price
the left hand value is $0 MWh and below, the rigéand value is $100 MWh and above.
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4.5.1 Base Load
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Figure 4.23 Unit BW02 2011/2012 operation
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Figure 4.24 Unit BW02 2012/2013 operation

Unit 2 Bayswater is a subcritical coal fired steglant operating in base load. The base
load unit is running most of the time to minimisatuestarts and increase its capacity
factor. The unit is typically generating near rmaxim power during high priced market
periods and reduces power at low priced periodsinQuimes the unit is offline there
are very few high priced periods. It appears that unit has a marginal cost around
$66/67 MWh. BW?2 also appears to do some loadviellg spending time in between
its maximum and minimum outputs. There is als@alhminimum output limit that is

only crossed during start up and shutdown of the un
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Figure 4.25 Unit Talwal 2011/2012 operation
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Figure 4.26 Unit Talwal 2012/2013 operation

Tallawarra is a base load 400MW CCGT it is runcat butput during low prices and
high output during high prices. Tallawarra spenelsy\little time offline during periods
of high prices and spends most of its time atgoliver or minimum power indicating it

is run to minimise start-ups and at maximum efficig
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4.5.2 Peaking Plants
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Figure 4.27 Unit CG2 2011/2012 Operation
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Figure 4.28 Unit CG2 2012/2013 Operation

Colongra unit 2 is an OCGT that runs for a very lsei@ount of time. OCGTs appear
to only be run at high outputs for high efficiercspending most of the time offline. If
the unit is started it runs close to full powern@aximise part load efficiency. With
minimal points between zero and full power showilng unit is able to ramp quickly.

OCGT typically run for very high price $100 MWh aadove.
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4.5.3 Hydro

UPPFTUMUT
Log of probability for Price VS Output (201172012 Financial Year)

Figure 4.29 Upper Tumut 2011/2012 operation
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Figure 4.30 Upper Tumut 2012/2013 operation

Upper Tumut is a 616 MW hydroelectricity facilitpéis operated at levels around the
turbine sizes showing that hydro facilities are atrmaximum efficiency. Most of the
generation is done around market price averagestlaad don’'t appear to increase
output to take advantage of high market prices.
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Figure 4.31 NEM pumped storage store
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Figure 4.32 NEM pumped storage generate

SHGEN and SHPUMP is a pumped storage facility inANS'he pumps move water
uphill to store energy during low price periods.eT@enerators run during high price
periods. The storage facility is run strictly ardwmit sizes to maximise efficiency. The
pumps can also be used as dispatchable load tarmmensnergy during periods when

there is an oversupply in the market.
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4.5.4 Intermittent Renewables
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Figure 4.33 Capital wind farm generation

As the power output from wind farms is dependenth@nwind speed it is only a price
taker and can only depress market prices as itadisp fossil fuel generation. Figure
4.33 shows Capital Wind Farm does not produce npaeter at times of high demand
so receives mainly low prices for the electricitpioduces. Capital Wind Farm spends
most of the time not producing any power and tis¢ oéthe time is only producing low
levels of power. With the renewable energy targatidly increasing installation of
intermittent renewable generation capacity otheregators will need to reduce output
to accommodate the must run renewable power frenntiermittent sources.
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Figure 4.34 NSW wind power generation summer
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Figure 4.35 NSW wind power generation winter

Figure 4.36 SA summer wind generation
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Wi Power Chutput in 54 Winter (1,157 MW installed)
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Figure 4.37 SA winter wind generation

Table 4-5 Covariance matrix of NEM wind generation

NSW VIC TAS SA
NSW 0.0745 0.0215 0.0202 0.0139
VIC 0.0215 0.0674 0.0317 0.0301
TAS 0.0202 0.0317 0.0891 0.0119
SA 0.0139 0.0301 0.0119 0.0474
Imter region wind generation
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Figure 4.38 Inter region NEM wind generation



As expected SA the region with the highest instiallaof wind capacity has the lowest
variation. Where TAS with only one SS wind farm Hhag highest variation. All
covariances are small but positive, indicating asdwpower increases in one region

there is an increase in the other region.

Even with large distributed wind installations iroush Australia and NSW, wind
generation has the potential to be at a maximurpububr minimum output at any
period during the day. The dip in mean South Alisimawind production during the
day when power is needed the most and higher ptiotuat night during low prices
periods leads wind power to being of lower valué¢hi® grid. As the wind power output
drops to zero in each region it indicates wind pomeeds to be entirely backed up by
storage or fossil fuel plants.
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Figure 4.39 Mean summer output from renewable sources
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Fenewalile Power Avadability NSW (\Winter)
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Figure 4.40 Mean winter power from renewable generation

Hydro has the highest value as it is able to bpatthed to match demand.

Solar works well in summer but still has a low autduring afternoon peak demand.
It also has limited capacity during winter and lzaso output for the winter evening

peak.

High output of wind power during times of low derdanill impact the ability for fossil
fuel generators to stay online at night. The dpilyfile for wind power output doesn’t

match well with the demand daily profile.
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5 Simulator Design

The market simulator was developed and programedIATLAB using a rapid
prototype methodology. It was designed to be flexilscalable and easily modifiable
tool able to simulate the generation and transomsside of electrical supply systems.
An electrical supply system is created as a netwbrhkter connected nodes. Each node

is then allocated a generation capacity and a maximpower demand reference.

An energy market is established by setting up glsimarket operator (MO) and many
market participants (MP). The MO designs the neltwairnodes, there interconnection
and sets the MPs generation capacity and demaerdenee of each node. MPs then
register with the MO. Upon successful registratioa MO allocates several generation

units to each MP and where there generation uretfoaated.

After all MP have registered the simulation begifise MO generates a forecast for the
demand at each node and broadcasts it to all tree MPs then assess the forecast and
submit energy production bids for each of their ggators. Once all MPs have
submitted their bids to the MO, the MO ‘runs theunrd’ to execute the dispatch
algorithm to calculate the power outputs from eagmerator and the subsequent
electricity price. The MO then broadcasts the itssof the simulation to the MPs. The
process is then repeated from the forecasting wépthe simulation objectives have

been accomplished with each MP trying to earn lapgefits than their competitors.

Transmit
L Calculate actual Output
Initialize forecast to Calculate costs N 0
e Generate demand and . Simulation
> market > » and profits for >
results to .xIs

>
Forecast L dispatch
Parameters participants and 5 each generator y
generators file

accept bids

Figure 5.1 Flowchart of simulator operation
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5.1 Simulation Parameters

The simulator creates an electrical supply systgmebtablishing a network of

interconnected nodes. Each node represents a demaridad centre with the

interconnections the transmissions system. Thelatoruallows any network topology

to be created and allows for several parametdrs t@ried.

At the beginning of each simulation the personnactas the MO sets the number of

nodes and the transmission links between them.sithelation can be set up so that

each node represents an entire region or eachrepdesents a transmission connection

point of an intra-regional network.

The Simulation Parameters that can be varied are

The number of nodes in the network to be simulated

The price on carbon emissions

How the demand at each node is calculated

If the market price is determined by the bid pdadach node or all bids across
the entire network

The Parameters of each node

Installed generation capacity — the total instatlespatchable generation
capacity in MW of each MP

Generation mix — how the generation capacity ig bptween different
generation technologies

Generation efficiency — the peak sent out efficyenicthe different generation
technologies. This redraws the predefined part &ffidiency curve for each
generator so it peaks at the supplied value.

Generator minimums — The minimal production levied@ch generator
Emissions — the emissions factor from each formeoferation technology,
specified in terms of tonnes of GPer GJ of fuel consumed.

Fuel Costs — the cost of fuel for each generagghriology in dollars per
Gigajoule of fuel

Renewables — the extra installed capacity of hydobecity, wind and solar PV
power.

Demand diversity — the variation in time of peaknded between each node.

Node Interconnection

The transmission links in the network
The capacity of the link between two nodes (MW)
The static efficiency of the transmission link beem two nodes
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5.2 Generation Forecast

Each day of operation is broken down into a nundbesimulation rounds the default is
24, one round per hour (in the NEM this is 288¥ofecast for the demand at each node
is generated for the day ahead and is based oxed flemand value either entered
manually or calculated based on the total instadlispatchable generation at the node.
Demand is calculated as a percentage of this firatite at each node using two separate
methods either a manually entered vector input romf cumulative distribution
functions (CDFs) calculated from NEM data.

5.2.1 Vector Input Mode

In the vector input mode, an N length vector repnéisg a daily load profile is imputed
into the simulation. Each value of the vector igi¢glly a number between 0 and 1. A
daily variation factor is then calculated for eaghly of the simulation. The daily
variation factor is calculated as a random numiegween 0.7 and 1.1 with a uniform
distribution. The forecast is then calculatedhesfixed demand value multiplied by the

daily load profile and the daily variation factor.

It is calculated in this manner as a review of NEMa showed the daily load profile is
well defined based on the time of year. Theresmaoth transition over the course of a
day and the magnitude of the daily demand profile change significantly from day to

day with little change in shape.

61



5.2.3 File Input Mode

To make the demand profile more realistic real datbtmand data collected from
AEMO for each of the NEM regions. This data foe tlast 18 months was grouped
based on average daily temperature and if it wassaness or week end/ public holiday.
It was found that by grouping the business day otafour average daily temperature
groups of < 13C, 11 to 15C, 16 to 26C > 20°C there was a sample size of around 80
days in each group for the NSW and SA data. The ela¢ach group was then used to
calculate a cumulative distribution function foretdemand in each region for every
hour of the day. The demand in each region was theided by the total installed
dispatchable generation capacity in each regiogetaa percentage value. This created
eight CDFs for each region, four for each tempeeatiategory over the business days
and the weekend/ holidays. Figure 5.2 shows hawvdéily demand profile changes
with average daily temperature. In colder timeshafir year there is a double peak in

warmer parts there is a single peak.

To generate the forecast, a file with the CDFsomsded and the temperature range
selected. A daily variation factor is calculated #ach day of the simulation as a
random number between 0 — 1 with a uniform distrdyu The daily variation factor
and the time of day is then used to find the dentapdcity percentage (y axis value of
Figure 5.2). The demand capacity percentage is theltiplied by the fixed demand

value to get the demand at each node.

Again the daily variation factor is only updatedeoper day as there is little high

frequency variation in NEM demand.
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Figure 5.2 Temperature vs. daily demand profiles NSW 2011 —2012
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Figure 5.3 CDFs used to calculate NSW Daily load profile for average daily
temperatures greater than 20°C.

Figure 5.3 shows the CDFs for NSW demand on datifs avierage temperatures greater
than 20C. The daily variation factor is matched to a coliouthe colour bar, the colour
is then used to look up the y axis values to cateuthe demand percentage for the
entire day. Figure 5.3 shows there is little vaomain demand in the early hours of the
morning but a high variation in demand during tfieraoon peak. Day time demand is
mostly flat on the high temperature days.
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5.3 Bidding

The forecast for each region is broadcast to the.MRe MPs assess the forecast and
submit bids for each generator back to the MO &mheround of the next day. Each bid
can have up to four blocks for each generator With price offered referenced to the
local node. The available generation capacity facheround is updated as bids are
submitted and the updated availability data is smaitted back to MPs. The market
participants need to continually assess the fotesas market conditions to ensure they

are using an optimum bidding strategy.

5.4 Running a round

Once all MPs have submitted their bids, the MO wilbceed to run a round. This
executes the code to compute the power generatdtebgnewable technologies and is
used to calculate the actual demand. After theahatamand has been calculated the
dispatch algorithm will be run calculating the raggd production levels from each of
the generators and the power flows across the metws the simulation progresses the
MO can choose to update several of the simulatararpeters including changes in the

transmission network and the type of demand profile

5.4.1 Actual Demand

As demand forecasts are never perfect the actnadude is calculated from the forecast
using Equation 5.1. This is done using the addibbra small forecast error and the
addition of a contingency load to simulate the @figf a sudden loss of a generator or
load block.

Actual Demand = Forecast Demand X Forecast Error + Contingency —
Renewable Generation Equation 5.1
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The contingency load is important as faults caedramon in electrical supply systems
and there needs to be procedures in place to ettseineetwork is capable of dealing
with any likely faults while maintaining the intetyr of the entire system. The
contingency load can be negative to representod®edf a load block or positive for the

loss of generation capacity.

The forecast error is calculated randomly usingoamal distribution with a variance
specified during program run time. The magnitudehef error is calculated for each
round independently. Over short time durationsftiiecast error in the NEM is typical

only small.

5.4.1.1 Renewable Generation

The renewable generation at each node is genematadsimilar manner to demand
using cumulative probability functions calculatedm real world data. The CDFs are
also split based on average daily temperatures tamginess days/ holidays and
weekends. Renewable generation is calculated &t made independent of renewable
generation in other parts of the network. Only wisdlar PV and hydroelectricity
technologies have been included as they are therenewable technology’s deployed
at scale in the NEM. There are also large sourteia available for Wind, solar PV
and hydro generation to analyse their real worldrappon. However AEMO does use a
wind generation forecasting tool to forecast powerduction from these intermittent

sources.
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5.4.1.1.2 Solar Photovoltaic

With no large scale solar PV power stations inXeM intraday solar PV production

data was downloaded from pvoutput.org. Pvoutput.rga website that allows

individuals to upload production figures from thesglar PV systems to the internet.
Data from several systems from geographically dieelocations was combined to
reduce the impact of any dubious data and refleetdistributed nature of solar PV
systems. The systems were then grouped based coh siaites they were located. Each
solar system was divided by its capacity to givehesystem equal weighting in the

calculation of the CDF.

To generate solar PV production levels at each @odeutput factor is calculated as a
random number between 0 and 1 with a uniform distion. The output factor is then
used to find the location in the CDF and the cqoesling production level. The
production level is then multiplied by the instdlleolar PV capacity to calculate the
reduction in demand. The output factor is calculdte each round as the Pvoutput data

shows that the output from individual system caangje rapidly throughout the day.

Table 5-1 Sources used to generate solar PV pidgdbnction

Pvoutput | Size (watts) System details Location
System id (Post code)

North orientation, low shade 25.0
312 29,700 Degrees tilt. Orientation is about 20 2603
degrees West of North.

22 panels at 5 deg elev & 9 deg Az, 9

25 9,400 panels at 15 deg elev & 9 deg Az, 9 2229
panels at 28 deg elev and 279 Az.
1562 20,000 North no shade 20 degree tilt 2358
orientation slightly west of north low
793 9,690 ) 2620
shade tilt 30 degrees
453 30,40 North orientation, 30.0 Degrees tilt 2018

Source pvoutput.org
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Figure 5.4 NSW average solar PV output with average temperature

Figure 5.4 shows solar PV output is linked to agerdaily temperature and is lower in
the cooler parts of the year. The length of timarsBV generated power is also reduced
with the shorter day lengths in the cooler partshef year. Figure 5.4 also shows that
while the output from individual systems can vaigngicantly throughout the day the

combined output of several systems reduces théebehaviour.

5.4.1.1.3 Hydroelectricity

AEMO production data for each of the large hydroeleity generators in the NEM
was collected and combined to calculate the tatalgr generated in each NEM region.
This regional dataset was then used to calcul&eCibFs for hydro power outputs at
hourly intervals for different times of the dayhd values in NSW appear low in terms
of capacity factor for hydro due to extremely laigstallation Tumut 3 in the Snowy
Hydro Scheme. Tumut 3 is capable of generating M@0 but due to limited water it

is very rarely run near this limit.
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The same process to calculate solar PV outputed for hydro with the exception that

the same daily variation factor used to calculamand is used for hydro. This is to
reflect the ability for hydro to be dispatched adiag to market conditions. A potential

fault with the hydro CDFs is that a large part loé data used was taken from 2011.
With 2011 being one of the wettest years on reéordNSW the hydro output data is

most likely higher than average (Bureau of Metemgpl2011).
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Figure 5.5 NSW Hydroelectricity generation day profile vs average daily temperature

Figure 5.5 shows hydroelectricity has a clear gbiid follow the demand profile as

power production is low at times of low demand bigh at times of high demand. The
figure also indicates that water is saved duringsdaith low demand so it can be used
for days when there is high demand.

54.1.1.4 Wind

As the power output from wind farms is not direathfated to time of day a different
approach was used for calculating wind generatk#MO data was used to sum the
power output from all the large wind farms in e&dBM region and grouped based on
average daily temperature, business day or weehelmtly. The data was then used to
calculate the hourly change in the output from wiaeins in each region. This was then
used to calculate the CDFs for each hour of thefdiayse in the simulation.
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To generate the wind power output at each regiomndom number between 0 and 1
with a uniform distribution is calculated. The poig found in the cumulative histogram
Figure 5.6 this is a number between -1 and 1. Vhiae is then added to a tracking
variable with limits of 0 and 1. The wind output tisen calculated as the tracking

variable multiplied by the installed capacity.

It was decided this method was more realistic th@nprocedure used for solar PV and
hydro as wind power output is not strictly relatedthe time of day. The solar PV

method ether resulted in to either too many oremmtugh rapid changes of wind power
output. This method allows realistic changes indmyrower generation as it can move

from one extreme to the other quickly but typicdlbats around expected values.
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Figure 5.6 Mean wind generation vs. average daily temperature
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Figure 5.6 shows in South Australia where thet@aslargest instalment of wind power
that wind power output is lowest during days ofthigmperatures and subsequent high
demand. Wind power on average is also lower durings of high demand. Figure 5.7
shows how the wind CDF is calculated with the cleaing percentage of installed
capacity. Although very rare, wind has the capbith have a change in power output
of up to a 60% increase and 35% decrease in aesnaglr but typical varies less than 5-
10%.

5.4.2 Generator Dispatch and Pricing

The aim of the dispatch algorithm is to minimise tralue of the electricity purchased
across the whole network while ensuring supply sscwonstraints are met. The
dispatch algorithm calculates generator produdéeels using linear optimisation with
the objective function

min $pR, S 32, pi - i, Equation 5.2 Objective function
NR number of nodes
nG number of generators

Nb number of energy blocks offered by each generato

X is the power level offered at price p of generatdock j in region k

Under the equality that the total demand at eacke moust be met

?zcl 2721 ri® xi,j,k + Zﬁiﬂn ' li,k,in + Zglél ln,k,out = dk Equation 5.3 Regional Supply
capacity

nL number of transmission lines connected to traeno
| interconnector n with power flowing in and outradde k
r is generator loss factor

rhis transmission loss factor of the transmissioa lin

d; demand in region k
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These calculations are also subject to the conssrai

Xmin < X Xijk <Xmax Equation 5.4 Generator loading constraint
Generator | must be dispatched above its minimuabletload and less than its
maximum registered load

|(Z721 xi 1) — T X105t | < %, Equation 5.5 Ramp rate constraint

The change in output from any generator cannotezktiege maximum ramp rate Xhe

transmission line L must be used within its minimand maximum power flow limits

0< Ly <Lpmax »0> Loyt > —Lma, Equation 5.6 interconnector limitations

The market price at each node is then calculatad &ither a pricing pool of all of the
generator bids (intra-region mode) or from sepapaitging pool from generator bids at
each node (interregional mode). The market gadben set as the highest accepted
bid in each pricing pool from a generator thata$ constrained by a ramp rate or at it

minimum stable load.

Node Price;,

< Xy

nb
Z Xik | — Z Xiast
Jj=1

nb
_ {max(pi_,-,k) subject to acepted x; ;i > 0 Z Xijk > Ximin
Jj=1

—1000 otherwise

Equation 5.7 Node Price Calculation
Should the program be unable to satisfy all ofabestraints the dispatch algorithm is

re-run with the minimum stable load constraintsoeed in the hope that a solution can

be found and the users notified that there wasran with the simulation.
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5.4.4 Generator Profit

To calculate the profit of each MP the cost of egeherator is calculated using the
current simulation values for fuel and emissionstgoand other generator costs
preprogramed into the simulation. The preprograi&ta for each generator includes
the capital cost, FOM and VOM costs and the base lpad efficiency curve, new

generators can easily be added to the simulatadding new data to generatos.m.

To calculate the costs from each generator therthlesfficiency of is calculated at their

dispatched power level. This is done using linedgerpolation of the base part load

efficiency curve matched to the specified peak geoe efficiency. The finance cost of
each generator is then calculated using

; 0.05

Capital Cost X /(1 + 0.05)plant ll.fetime/

Finance Cost = 365.25 x N Equation

5.8 Generator Finance Cost

The finance cost is calculated at a 5% interes catmpounded annually with the
capital paid back over the lifetime of the genera#o5% interest rate was used as it the
approximate interest rate for long term governmigonids. The finance cost is split

evenly over the entire year and N the number otition periods per day.

The Fuel load in GJ is then calculated using thenased generators efficiency value

and the dispatched load of the generator.

Fuel Load = Generator Load X 24/N X 3'6/efficency Equation 5.9 Fuel quantity
calculation

Emissions costs are calculated based on the fadldad the emissions factor.

Emissions Cost = Fuel Load X Emissions Factor X Emissions cost Equation
5.10 Emissions cost calculation
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The total cost of each generator

Generator Cost = Finance Cost + Fuel Load X Fuel Cost + Emissions Cost +
VOM cost x Generator Load X 24/N + FOM COSt/365_25 « j Equation 5.11 Total
generator cost

The income for each generator is then calculated

Income = Generator Load X Node market price Equation 5.12

The profit of each MP is then calculated as the etiprofits from all there generators

Round Profit = Income — Generator Cost Equation 5.13
Total Profit = ), Round Profit Equation 5.14

5.4.5 Simulator Outputs

At the end of the simulation run the details antirsgs can be saved to an Excel file for
review and analysis. The excel file contains théaitke on the demand, renewable
generation and price at each node, the power flmwsach of the transmission links,
generator production levels, MP bid details andeimssions and costs for each of the

generators.
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5.5 Simulation Implementation

The simulator is implemented as an event drive GQudgram developed using
MATLAB GUIDE. Events are triggered by user inputsdathe responses are listed in
Table 5-2 for the MO interface and Table 5-3 fa&r MP interface. There is also a timer

in each program executing code at fixed intervals.

Table 5-2 Events triggering code execution in M@vsare

Event

Response

Load Default

button pressed

After choosing the number of nodes to be in thevagk for
the simulation the load default button will cortgcsetup the

simulations settings panel with default values.

Start button

pressed

This triggers the timer to start generating foreza¥he MO
also begins polling the chosen port listing for MR&mpting
to transmitting data. If the start button is prelssgain the

timer and port polling will stop until it is pressagain.

Output button

pressed

The program will request a file name from the used will

collate the simulation data and export it to ane¢fite.

Reset button

This resets the simulation to round 1 and all datdeleted

pressed The MO will begin telling MPs to reset until theadtbutton is
pressed down again. MO can now change all the aiioual
settings.

Run Round The triggers the code to calculate actual demamtiran the

pressed dispatch and pricing algorithm. The forecast wil bpdatec

and results transmitted to the MPs.

MPs allocated
node modified in

the results table

The MO is able to change the node location of ediche MPs

throughout the simulation in the results table..

Timer Function

At fixed intervals the timer will dpte the forecast and the

results table update results table.
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Table 5-3 Events triggering code execution in Mv&are

Event

Response

Register button pressed

After setting the IP addessl port number ¢@
the MO this registers the MP with the MO. If t}
was successful the MP will be allocated sev
generators. This also starts the timer that be

downloading forecast and market information.

f
IS
eral

gins

Bid (MP) button pressed

The bid details for therently selected round i
the bidding window will be sent to the MO.

Select a generator in th

generator panel

idfter a MP has register with the MO the deta
of each of the allocated generators can be lo
at one a time. This code updates the gener

window as the MP goes through each generat

ils
ked

ators

Changes selected generatdrihis retrieves the bidding data saved for €

in the bid window

generator. The total offered energy value is

recalculated

ach

also

Modify the values of a bid

If the edit boxes aredified in the bid panel th
values will be sorted and stored. The t¢

offered energy value is also recalculated

11

vtal

Copy previous bid button

The bids from the previowmind for each
generator will be copied to the currently seleg

round.

ted

Submit bid button

The bids for each generator foe turrently
selected round will be submitted to the MO
this was successful a tick will appear in |

checkbox.

he

Timer Interrupt code

The timer runs a block of cadl@ fixed interva
that requests the latest data from the MO
either the results panel, network panel or

forecast panel.

for
the
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Market_Operator.m
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MO_rec.m
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Forecastl.m
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MO_process.m
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Calc_demand.m

v

Run_round.m
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1

v

Update_results.m

v

v

v

Renew_gen.m

Generator_cost.m

MEKk_clear.m

V;

Add_new_team.m

‘_

Load_settings.m

Generators.m

Figure 5.8 Market Operator MATLAB files
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Table 5-4 Market Operator files and functions

File name

Description

Market_Operator.n

1 This is the main file that handles the MO GUI cdibscks, it's
from here that all other code is executed. Costdive port

polling code for communications.

MO_rec.m

This MP

communication attempts, it is continuously callewnf the

implements the server socket thateris for

market_operator.m code and awaits a fixed peristthg to the
chosen port for communication attempts from MPs.

MO_Process.m

Once a message has been received/Bythis code generatq

the appropriate return message

£S

forecastl.m

Generates the forecast for the daydahea

Run_round.m

Calculates the actual demand, colleats prepares the biddir
and constraints data for input into the marketrahggalgorithm.
Stores the output from the market clearing algoritland
calculates the profits of each MP.

g

Update_results

Updates the results table in theiltface

Calc_demand.m

Uses the specified CDFs to calctiiatdemand at each node.

Renew_gen.m

Uses the specified CDFs to calculateutput percentage for the

wind, hydro and solar PV generation sources.

Generator_Cost.m

Calculates the cost of each genera

MK _clear.m

The market clearing algorithm, it usedirgear optimiser tc

calculate generator loads, interconnector flowsraadket prices.

Add_new_MP.m

This code executes each time a nem tegisters with the MQ.

It allocates the location of each new MP and thpr@priate

generators.

Load_settings.m

This is called each time data ndedd$e retrieved on th

simulation settings.

Generators.m

Stores the part load efficiency, fieaand maintenance costs
each type of generator in the simulation.

for
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Datato MO €—p Tx_data.m Process_bid_window.m

Market_Participant.m

| ]

MP_process.m

Figure 5.9 Market Participant matlab files

Table 5-5 Market Participant functions and scripts

File

Description

Market_Participant.m

Main MP code that handles tadl-backs from the MF

interface.

=4

Tx_data.m

The message to be sent and the MOs IRssddnd por
number are imputed. This code attempts to tranghet]

message to the MO.

—

MP_process.m

This code processes the response themMO after g
message has successfully been transmitted. Thent

message is used to update the MP interface.

etu

Process_bid_window.r

nProcesses user inputs to the bid panel. This c®desed tg
sort, check and store each of the bids and updhtedid

panel when the selected generator or round is @tang
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5.5.2 Communication

Several MPs are able to connect to the MO to trénsnd retrieve data but only in a
one to one configuration. This allows for the f@st; simulation settings and bidding
data to be transmitted between the MO and MPs.

5.5.2.1 Network Communication

Data is transmitted between the MO and the MPsgusirt strings on top of a TCP/IP
socket. All communication is initiated by the MR®laonly one user can connect to the
MO at a time. After a MP successfully registershwihe MO a timer starts that
periodically requests the latest data from the Mi®e MO continuously polls a chosen
port waiting for a MP to connect. When a MP consdotthe MO a single text string is
read in and processed. The MO then transmits desiaturn text string to the MP with
the appropriate response. The connection is thesedland the MO returns to polling
the port to allow the next MP to connect. This camination is done using the
protocol set out in Appendix C.

The code uses java sockets and the implementasies & DataReader function written
in java by (Thomson 2009). The DataReader functeads the entire communicated
message in one function call instead of the inluitiction that requires multiple calls

as it only reads in one byte at a time. This digantly increases execution speeds
allowing for better functionality.

5.6 Simulator Operation

As described the simulator is broken down into akdaOperator with several Market
Participants. Each user has their own interfacenatiy several MPs to compete with
one another. A standalone file can be specifietlatids dummy MPs who will compete
with themselves and any people acting as MPs. Timell@or can be run on an

individual PC or on multiple PCs across a network.
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5.6.1 Market Operator

The MO interface is broken down into several patfgs control the simulator. Settings
are specified in the settings panel (MO 6) with gheulation controlled from the

communications panel (MO 1) and the simulation p&®© 2).

MO 7 MO 6

MO 2 \:—% - - - Lt B0l <—— MO5
i
MO3 —— 7 AN

Figure 5.10 Market Operator Interface

MP 1 communication and master control panel — Rigplthe IP address of the
computer the MO is running on, allows user to delee communications port and start
or reset the simulation. The start button is a l@dmtton only when it is down are the
forecasts being updated and the MO responding te t&éifnmunication requests. The

output button will save simulation results to aceaidXile.

MO 2 Simulation control — The main simulation paeers and is used to set the
variation in demand from the forecast, add the iogehcy load and execute the

dispatch algorithm to run a round.

MO 3 Market History Panel. Displays the results tloe last 24 simulations including

the actual regional demand (solid line left y axisyl the market price (dashed line right
hand y axis) for each node. The x axis indicateglviound the simulation results are
from. Each node is allocated a separate colourishabnsistent across the history and

forecast panel.
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MO 4 Forecast panel — Displays the forecast for dhg ahead (solid line) and the
available generation capacity (dot dashed line)efach node. Along with the history
panel it is updated with new availability data edthe the timer runs its interrupt
function. The graphics step from left to right ineoround increments, each time a

simulation round is run the history and forecastgbanove one round to the right.

MO 5 — Displays outcome of the previous simulatiof means the dispatch algorithm
successfully ran and a solution was found. Errdicated the dispatch algorithm was

unable to find a solution and began dropping cairsis so a solution could be found.

MO 6 settings panel. The settings for the simufaget here in accordance with Table
5-6

Table 5-6 Simulation Parameters

Simulation Description Modifiable

Parameter with after the

example input first round
of
simulation

Number of Nodes =3 The number of nodes in the oo | No

be simulated

Inter Region Mode (t Specifies if there is to be a pricing paodfes
1 for off) = 1 at each node or one pricing pool for the

whole network.

Max Node Demand (-The demand reference used fofes
1 for auto) = [-1 1000 calculating the demand at each node| -1
-1] the reference will be calculated from the
installed generation capacity otherwise
it will be from the specified value (entry

for each node).

MP Capacity = [1000 The total generation capacity allocatedo
1000 1000] to each MO (entry for each node).
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Demand and Rene

WFile with the probability distribution

Gen Probability Filg used to calculate the demand &

='nsw20112012.txt'

renewable generation power outp
Each row has a cumulative probabil

distribution.

Dummy Teams File = An m file that contain artificial MPs an

'standalone’

their bids, can manual set the node t
are located at or let it be assign

randomly.

dYes
hey
ed

Fixed Demand InputUse if pre calculated demand values

File ="

to be used. Once column for each n
and a row for each simulation round U

with max node demand.

ayes
hde

se

Fixed Renew GenPredetermined

renewable generatiofes

Input File = data in percentage of installed capacity.
One column containing a string that
describes a vector for each node ffor
each renewable technology.

Node Generation The format for specifying details at each

Details node from here is done as columns [for
each parameter and a row for each nqde

Gen Split (steam,How a MPs generation capacity will b&o

CCGT, OCGT) =[0.8 split over the different generation

0.05 0.15;0.8 0.0btechnologies (each row should add to [1).

0.15;0.8 0.05 0.15]

Peak Sent OutThe peak sent output thermal efficiericyes

efficiency (steam
CCGT, OCGT) =
[0.338 0.5 0.22;0.33

0.5 0.22;0.338 0.5

0.22]

for each of the generators.
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gen minimum levels

5 Minimum stable outputs for each of t

h&es

(steam, CCGT)| generators as a percentage of maximum

OCGT) = [0.4 0.4 generator output.

0;0.4 0.4 0;0.4 0.4 0]

Emissions t CO2e perEmissions factor for each generator| No

GJ of fuel (steam,tonnes of C@ per GJ of fuel used.

CCGT, OCGT) = Suggested values Natural gas 0.02 —

[0.08 0.03 0.04;0.080.05, black coal 0.06 — 0.1, brown coal

0.03 0.04;0.08 0.080.9-0.15

0.04]

ramp rate MW/ round The ramp rate of each generator in MWes

(steam, CCGT,] change per turn

OCGT) = [400 100G

4000;400 100(

4000;400 1000 4000]

Installed Renewablelnstalled renewable generation at eadfes

Capacity (hydro| node

solar PV, wind) = [0

00;000;000]

Intra region losses £Efficiency of power distribution within Yes

[111] each node.

Regions connected =The transmission system that conne¥es

[12;23] each of the nodes. Each row describés a
single link and has a single starting ngde
and a single finishing node

Inter region losses £The efficiency of the transmission linkres

[0.90.9;0.90.9] in each direction

Inter node| The maximum power flow of each ofYes

transmission capacit
=[200 200]

ythe transmission links (MW)
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Demand mode (0 - 4)Sets the mode used to calculate demantks
=0 0 — Vector Input

1 — File input temperature < 11

2 — File Input temperature 11 — 15
3 — File input temperature 16-20

4 — File Input temperature > 20

Fuel cost $/GJThe cost of fuel for each generatipies
(steam,CCGT,0OCGT) technology at each node
= [1.36 4.73 5;1.36
4.73 5;1.36 4.73 5]

Carbon Price ($ tonneThe emissions tax applied across thées
CO2e)=23 entire network

Inter region diversity The difference in rounds between thées

=[10-1] peak demand at each node (whple

numbers only)

MO7 Results Table — displays the register MPs aerdsticcess of their bidding strategy
by showing their total profit, displays where eseam is located (this can be changed at
run time). If the waiting for bid checkbox is tické& means that MP is yet to submit a

bid for the next round.
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5.6.3 Market Participant

The MP interface runs in a separate instance of M¥ and controls the actions of

each of the MPs.

MP 6

Fromrym

MP 4 MP 5

Figure 5.11 Market Participant interface

MP 1 The registration panel. This is where the MErs a team name and adds the IP
address and port of the MO. The MP then seleetSRbgister with Market Operator’ if
this is successful the generator's panel, resuits farecast graphs will fill with data
from the MO. The team name is the key identifieedisacross the simulation to

discriminate between MPs.

MP 2. The bidding panel. Used to enter the bide&wh of the MPs generators, the bids

can have up to four blocks each with a separate @nd volume. Each MP needs to

enter a bid for each of their generators for eatmd of the simulation. The four edit

boxes in the left hand column are for the bid wicEhe edit boxes in the right hand

column are for the production volumes. The sulmiton is used to send the bid for

the currently selected round to the MO. If the Wwias successfully received by the MO
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a tick will appear in the check box. The drop ddvax selects the generator that the bid
is for.

MP 3 Generator panel. Shows the details of eatheofienerators allocated to the MP
one at a time selected through the radio buttohs. @anel displays the minimum and
maximum production levels, the ramp rate, emissfantr and the part load efficiency

of the selected generator.

MP 4 Details the simulation settings including sa#tion of the network, installed

renewable generation capacity at each node, ancuthent fuel and emissions costs.

MP 5 Results window, displays the results from tasind run by the MO. Includes the
profit made, the current power output level of egeherator and how the MP ranks in

terms of total profit compared to their competition

MP6 shows the day ahead forecast and the resalts thie previous day of simulation
rounds. This is identical to the graphics showtheaMO window.
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5.8 Steps to use Simulator

Table 5-7 Typical Simulation steps

Step

Action

The person acting as the MO modifies the valndhe settings pang
to set up the simulator as required.

The best approach is to set the number of nodesuaadthe load
default button to load the default setting and emshie panel is set U

correctly before editing any other values.

D

)
p

The MO then selects the port to use and prebsestart button. Whe
this is done the forecasts will be calculated arte tTCP
communication server will start. The MO then givest there IP

address and the port number to use to all the MP.

The MO then waits for all MPs to register andbigin submitting
bids.

Each MP starts their own instance of the MP @moygand enters
team name and the MOs IP address and the port muanblepushe

the register button. This sends a registrationesgto the MO.

\"2)

MO receives MP registration request and randasbigns the MP t
a single node in the network. The MP is then atleddhree generatio

units based on the settings of the node they aigreed to.

|®)

The MO software automatically updates the forescasd broadcas
the data to the MPs.

The MPs assess the generation units they havedlieeated and th
market conditions from the forecast. They use thfsrmation to

create bids which they submit to the MO.

Once all bids have been received the MO predsesrtin round’
button to calculate generators loads and compet@rtbfit and loss o
each MP. The forecast and history panel autombticgddates anc
move one round to the right. Results from the roarethen broadca
to the MPs.

—

1=

Steps 7 and 8 are repeated for as long as require

10

The MO can then choose to output the data flmrsimulation to af

excel file or uses the reset button to begin a siewlation
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6 Results

The simulator is a flexible test bed capable ofuating many scenarios faced in
market managed electrical supply systems. Seveealasios have been constructed to
demonstrate the capabilities of the simulator aag &oncepts of electricity supply
systems. The scenarios show the marginal costradrgéing electricity, advantages and
disadvantages of market managed electricity sumyistems and the impacts of

intermittent renewable generation.

6.1 Marginal Cost of Energy Generation

This example reviews the cost of power generationthe NEM from different
generation technologies. It compares cost strustbetween coal fired steam across
QLD, NSW and VIC, natural gas fired OCGT & CCGT awthd generation. The
capital cost data used was from Table 13 (ACIL Tasr®008, p. 46) and a capacity
weighted average for the other costs using AEMCa détppendix E). An annual
interest rate of 5% was applied to capital costh e costs spread over the life of the

plant. All power produced was calculated at a ginggnt out’ efficiency value.

Table 6-1 NEM cost data (Appendix E)

Fuel Sent out| Carbon Fixed Variable | Capital
Cost efficiency | emissions | O&M O&M Cost %
($/GJ) | %(HHV) | CO.e per| ($/MW ($/MWh) | million /
GJ of | p.a.) MW
Fuel
QLD Coal 1.36 35.4 0.0923 50,186 1.21 1.6
NSW Coal | 1.51 34.91 0.0897 50,073 1.26 1.6
VIC Coal 0.31 25.1 0.0931 59,229 1.45 1.6
CCGT
(Natural 3.77 46.9 0.06 30,482 1.34 0.962
Gas)
OCGT
(Natural 4.73 27.6 0.07 13,000 8.89 0.714
Gas)
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Up to 36% of emissions from natural gas fired daate fugitive emissions. South
Australian coal fired power was ignored in the dimtion due to its small size and high
cost as fuel costs around $1.52 GJ and generatwesVictorian coal efficiencies. Cost
for liquid fuels used for unit start up and in SO@EGT is estimated at $30 GJ. Coal
costs range from $0.08/GJ at Hazelwood to $2.Todinsville.

The marginal cost of coal fired steam generatiothéthree large states and natural gas
fired CCGT and OCGT across all regions has beenatifrom the raw data and is set

out below.

Capacity factor cost breakdown

S 038
g L B Capital Cost
[T
206 HFOM
‘S
s VOM
04
M Fuel Cost
0.2 _ B Emission Costs
0 50 100 150
Cost ($/MWh)

Figure 6.1 Cost breakdown of NSW coal

The capacity factor is a measure of productivitypotver stations and is calculated as
total energy generated / maximum possible genetedyy, taking into account plant
availability. It has a significant impact on thestof power produced at a power station
as the greater the amount of power produced the nier fixed costs for capital and
FOM can be spread. With fixed ‘sent out’ efficierttyg emissions cost, VOM and fuel
costs remain constant while capital costs and F@Vsmnificantly reduced as the cost
is spread over more energy. With typical capacittdrs of coal fired power stations at
0.75 the largest costs are emissions taxes ancc@st$. At low capacity factors the

finance costs dominate, at high capacity factoesénd emission costs dominate.
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Marginal Cost of Generating Electricity

140

120
= 100 e NSW coal
E e QLD Coal
> 80 +
< == \/ic Coal
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o
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20 : . . . ,  —Wind

0 0.2 0.4 0.6 0.8 1
Capacity Factor

Figure 6.2 Marginal cost of generating electriaityhe NEM

Marginal Cost of Generating Electricity
with a $23 CO2 tax
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Figure 6.3 Marginal cost of generating electrigitghe NEM with a $23 per tonne
carbon price

Marginal cost of generating electricity in the NEM#&re 6.2 shows coal is used for
base load as it is cheapest at high capacity faattile OCGT are used as peaking
plants as they are cheapest for low capacity factdtigure 6.2 confirms power from

QLD and VIC is imported into NSW due to the lowerngration costs. Due to the

introduction of the carbon tax Victorian brown cganeration costs have risen steeply.
While compensation currently addresses the iskigecdmpensation arrangements will
eventually come to an end.
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CCGT operating as base load have been given disagtifinancial advantage from the
introduction of the carbon tax. It would take a bling of the carbon tax for OCGT to

become a cheaper alternative compared to coabke lmad power.

Pre carbon tax wind was only marginally cost effectaround a 0.35 to 0.4 capacity
factor with a renewable energy certificate price$28.39 in 2011 and $35.24 in 2012
(Clean Energy Regulator 2012). Figure 6.2 also llggts the importance of site
selection and the needed for a high capacity fdotovind power to be competitive.
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6.2 Competition Effectiveness

Shown below is a demonstration of the operatiom ofiarket based electrical supply
system. Two identical coal generators in a singgan compete with one another on a
winter base load profile. Each generator has a mim load of 800MW and a
maximum load of 2000MW. Generator 1 submits a bfdrimg power at 65$/MWh,
Generator 2 offers power at 66 $/MWh.

M Fraee | LIRS

Figure 6.4 Generator Profit and market price

151

Brmand arl Cles Desadd (R
b R -

Figure 6.5 Generator outputs and demand

The result after a single day is Generator 1 haapacity factor of 91% and a total
profit of $945,331. Generator 2 has a capacityofad?% and a total profit of $67,578.
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During the time, Generator 2 is in a constrainespalich situation at its minimum
output of 800 MW, so its bids are dismissed. Duéhtocapacity factor and the impact
of part load efficiency at $65 MWh Generator 2asihg money were generator 1 is
making money. When Generator 1 is at maximum lbadotice moves to $66 kwh. As

generator 1 is at full load it receives the graatesefit from the higher price.

Within this example with limited competition thesenothing stopping generator 2 from
bidding up to the market price cap to make supefiter However, if this occurs
generator 1 will still be the largest beneficiargrh higher prices. This is the main
benefit from market based electrical supply systegenerators are rewarded for
bidding lower than their competitors. As generatarderbid each other this drives the
cost of electricity down. Market based systems witly work if there is enough

competition so no lone company can control thegsric
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6.3 Interconnector Savings

In this example there are two identical regionshveitlarge diversity in demand. Each
region has an installed capacity of 1000 MW. The tegions are connected by a 90%
efficient 200 MW interconnector. Each region ha808@MW coal plant and a 100 MW
OCGT. The coal generators are bid in blocks of 28%heir capacity priced at $40,
$50, $60, $70 MWh. The OCGT bid in blocks of 25%axity at $100, $110, $120 ,
$130 MWh.

No Interconnector
1000 120
BOD 100
'E GOO | BD 2
E-El L}
£
g 4o i
200 0
i+ + 0
1 3 5 7 9% 11 13 15 17 19 31 3 25
Round
e M TR AN H!EiIZII'I 1 e [Jprians Ht‘E“:IH 2 e | P FOOANEC DT HROAW
— Price Region 1 — Price Region 2
Figure 6.6 Results with no interconnector
200 MW interconnector
1000 100
00 -
£
GO0 o
¥ am = — | 0 2
E 200 W 4 =
Q = -’_‘_'_r.-.-.-.-.-""'--"
00 443 -5 F @ 11 43 11:-\‘1-7- 19 21 33 35 | 9
=i v} 0
Fiound
e rraaniel in Region 1 = Damand in Region 2 = nlercomnecion Fow
—Price in Region 1 =——Frice in lagion 2

Figure 6.7 Results with 200 MW interconnector
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The average price across the two regions withaiiriterconnector is $66.63 but with
the interconnector the average price is $63.28rdynBows in both directions across

the interconnector and despite losses, cheapetrieiigcis available in the adjacent

region. Without the interconnector the OCGTs aredee to satisfy demand which

raises the price to $100MW/hr. With the intercontoethere is no need for the OCGT
to start and the price in both regions is also eegrd when there is low load in one
region but high load in the other.

Therefore despite the losses in the interconnatt@ceives heavy use as the energy
price is optimised over the whole network. The OCG@Gien't needed with an
interconnector allowing for a reduction in localstalled generation capacity. The

interconnector adds extra competition to both dggans.

In this example the interconnector saves $3.35W&th for the day across all energy
sold in the system. These savings amount to afsignt value over the life time of the
interconnector providing a significant incentive itwest in the interconnector link if
there is a favourable cost benefit analysis.
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6.4 Market Efficiency

This simulation looks at the efficiency of a markeised electrical supply system. An
eight node network with three generation centresfaue load centres was established

as shown in Figure 6.8 and detailed in Table 6{2&&-3.

Load 1

®

Genz Load 3

Gen ¢

NN AN

Figure 6.8 Eight node simulation network

Table 6-2 Node details

Node Generation Peak Demand
Genl 2000 MW steam Generatpr 0 MW
Gen 2 2000 MW steam Generatpr 0 MW
Gen 3 2000 MW steam Generatpr 0 MW
Load 1 0 MW 500 MW
Load 2 0 MW 500 MW
Load 3 0 MW 1000 MW
Load 4 0 MW 2500 MW
Load 5 0 MW 1500 MW
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Table 6-3 Inter node transmission links

Transmission link Capacity (MW) Static Efficiency
(MW)
Genl -Gen 2 2000 0.95
Genl - Load 4 3000 0.94
Genl - Load 5 1500 0.93
Gen 2 — Load 2 500 0.95
Gen 2 - Load 3 2000 0.94
Gen 3 - Load 3 2000 0.97
Gen 3 —Load 4 2000 0.98
Load 3 — Load 1 500 0.9
Load 4 — Load 5 1000 0.96

The three generation centres were identical and itingact of different bidding

strategies was tested.

Same fixed price - all generators are bid in at BBUh, the generators will be
dispatched to minimise losses in the network.
Different fixed price — generator 1 bid in at $53W, generator 2 bid in at $50
MWh, generator 3 at $56 MWh. This simulates theegators bidding in at
different cost due to varying fuel prices.
Staggered pricing - each generator places a stedjded to ensure they will
produce above minimum output to boost their capdatttor.
Generator 1 has 50% capacity $54, 25% capacity 28¥%, capacity $65
Generator 2 has 50% capacity $46, 25% capacity 28¥, capacity $55
Generator 3 has 50% capacity $60, 25% capacity 2®%, capacity $70
Half transmission losses — the losses in the tregssom network were halved to
assess the impact losses play in the cost of gemem@apacity. Generators bid
in at the different fixed price bidding strategy.
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Table 6-4 Simulation results

Simulation description Total Energy | Total Cost of | Total
Generated generated Emissions
(MWh) energy (%) (tonnes CQ)

Generators submit the| 25,978,591.1 | 1,262,736,334 | 25,440,994.6

same bids

Generators submit| 26,391,023.3 1,271,976,077 | 25,659,407.8

different fixed price

Generators Staggered 26,309,881.9 1,271,532,487 | 25,650,791.8

bidding

Half transmission losses 25,186,931 1.24E+09 | 24,987,499

With generators submitting the same bids, the di$palgorithm finds the solution that
will minimise the total electricity produced, aceming for all transmission losses. This
results in the lowest quantity of energy generatelteapest cost for generating
electricity and produces the least emissions.

With different fixed price, the generator with tbieeapest offered electricity will be run
up to full power before the others. This resultshie greatest amount of power needing

to be generated making it the most expensive praetnd results in the most emissions.

Transmission losses are high in the network, unierdifferent fixed price bidding
strategies. Losses account for approximately $8Homiin extra costs and 1,343,817

tonnes of CQ

Therefore in this example by dispatching generatbased on maximising efficiency
instead of production cost, results in a cost gawinl.56% and an emissions reduction
of 0.85%. So bidding strategies have a direct impadhe cost of electricity and due to

losses, the cheapest produced is not necessailgwest cost option for the network.
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6.5 Renewable generation

Continued increase in the capacity of intermitsoiarr pv and wind generation installed
in the NEM can potential have a big impact on tHeM\ This example looks at the

effect the different renewable technologies caret@van electrical supply system.

In this example there is a single region with astafied capacity of 14,000 MW made
up of four coal generators at 2,975MW each, oneMMOCCGT and four 350 MW
OCGT. The dispatchable generators are bid ineadliffierent fixed prices.

Each renewable technology is simulated as a remtuatidemand and it is assumed the
renewable power must be accepted by the marketdifieeent renewable technologies
were tested using the same dataset over the pefriode year to assess the impacts of
different levels of penetration. This simulati@guired a total of 76,435,612.24 MWh
to be generated to meet demand. The dataset wasaged based on the NSW data file

for demand and renewable generation capacity.

Table 6-5 Renewable generation simulation results

Cost
increase of - Renewable Market
o Emissions . . Market
remaining X 0 generation Earnings
electricity reduction (%) (%) ($) errors
($.MWh)
No 49.8408 0.9512 tonnes 0 0 0
Renewables| $/MWh /| CO,
1400MW
100.8578% 1.0462% 1.6918% 79,471,420 0
hydro
1400 MW
101.9161% 2.2300% 3.6466% 156,571,030 O
solar PV
1400 MW
_ 103.6693% 3.6774% 6.4030% 244,379,562 10
wind
8275 MW
105.5450% 6.2049% 10.00% 397,545,730 14
hydro
3839 MW
105.6929% 6.0471% 10.00% 376,675,117 27
solar PV
2186 MW
nd 106.2066% 5.4677% 10.00% 363,831,675 149
win
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A market error indicates there is excess generategpecity in the market. i.e. no
solution can be found to satisfy all market constsa If this occurs the minimum

generation capacity constraint is dropped allowdogver generation output to fall to
zero at coal and CCGT power stations. The abitity hydro to be dispatched is
reflected in the error count as even at very higylels of installed capacity there is a
minimum number of errors. Winds ability to generatefull power during periods of

low demand result in it producing the greatest neimdd errors approximately 1.7% of
the total simulation steps at 10% generation c&paSolar PV also causes a significant
amount of market errors particularly on days witimter type load profiles with low

demand in the middle of the day. The impact of aketaerror sending the price to -

1000 $/MWh has a severe impact on the revenueeisithulation.

On a capacity installed basis, wind is the mosebeial as it has the highest capacity
factor of 40% followed by solar PV 22.7% with hydtectricity having the lowest

10.54%. This means you only need to install halfiragch wind as solar PV and a
guarter if hydro to achieve renewable targets anidsions reductions. However due to
winds ability to generate power at all times of &y and periods of low demand it has

the most trouble integrating into the market.

On an energy generated basis hydroelectricity & mmost beneficial renewable
technology, it has the lowest impact on the inazeascost to generate the remaining
electricity by minimise the reducing in part loaffi@ency of fossil fuel plants. The

means Hydro also has the greatest emissions reduwatid by generating during periods
of high demand it generates the most revenue fl@mmarket. With Wind and Solar
PV not following the demand curve they force thdrarats into the very low region of

the part load efficiency curves pushing up the ¢togiroduce the remaining electricity

and have a lower impact on emissions.

This simulation shows emission reduction are nudrly linked with the quantity of
renewable power generation as fossil fuel genesamr moved up and down their part
load efficiency curves. It appears to be more beirafin terms of carbon emissions for
renewable generation to be at times of high demasdwell as the cost of installing
renewable generation capacity there is also areaser in the cost fossil fuel fired
generation due to a reduction in part load efficies and reducing the capacity factor

of fossil fuel generators.
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6.5.1 Business day demand reduction

As supply must equal demand, using data from tleeipus simulations this section
looks at the quantity of fossil fuel generationttltan be displaced by renewable
generation sources on business days under the ofwable energy generation
scenarios. By creating the demand duration cureesdmmer and winter it is clear to

see how the renewables displace fossil fuel geperat

Winser Dlrnnrd_ﬂ!-tmu:n

Denard doarcenings o gcheshsed capgaiy )
/
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Devrurnd Diraber jperceniags of reei

Figure 6.9 Winter business day demand duration

Figure 6.9 shows hydroelectricity is the only tealogy to significantly reduce the peak
demand and the need for backup fossil fuel gemeraBolar PV contributes nothing to
the winter peak and displaces very little fossélfgeneration at high demand time in
winter. Wind only reduces peak demand by 2.5% besdlisplace a reasonable amount
of fossil generation capacity during high demamaes indicating it could be used with
grid scale energy storage. All technologies sigaifitly reduce the minimum demand
levels potential requiring a shutting down of bésad fossil fuel generation and may

cause issues with system inertia requirements.
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Summer Demand Duraton
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Figure 6.10 Summer Demand Duration

Again only hydro is able to impact peak demand ifigantly but typically generates

most of its energy in cooler parts of the year. Duehe time of the day Solar PV
contributes to the peak and displaces a large amofugeneration capacity at high
demand levels in summer. In this example Solar dutputting at approx. 32% of
capacity during the demand peak. Again all reneasaplush minimum demand lower
potentially destabilising the market. Wind onlysteaminimal impact on peak demand

and is producing power across all demand levels.

As drought may significantly affect hydro generatid@ along with all forms of
renewable generation seem to need to be backey igs$il fuel generation capacity to

ensure that both the summer and winter demand geake met.
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Table 6-6 Renewable power demand reductions

_ _ 50% of 95% of 100% of
Demand | 0% oftime | 5% of time _ _ _
time time time
Winter Results
Demand —
hydro 11.92% 10.11% 14.86% 12.86% 31.55%
output
Demand —
Solar PV 0.07% 0.49% 8.49% 4.72% 7.21%
Output
Demand —
wind 2.53% 5.33% 9.42% 16.01% 29.94%
output
Summer Results
Demand —
hydro 18.15% 13.14% 14.97% 6.63% 26.08%
output
Demand —
Solar PV 6.99% 9.07% 10.54% 3.22% 27.12%
Output
Demand —
Wind 3.78% 4.27% 10.91% 19.28% 35.01%
output

Hydro power has the lowest capacity factor busitapable of producing the highest

reduction in peak demand, particular in summer @héydro flattens out peak demand

completely. It also has most of its output in tlighler demand times were market price

will be the highest and it will generate the me@stanue.

Solar power does not provide and support duringevidemand peaks but does reduce

peak summer demand by 7 — 9%. Solar PV also previdest of its output during

higher demand times.

Despite Wind having the highest capacity factogiites the least support to peak

demand across the year indicating it needs to Ibeldacked up. It also has the greatest

reduction of minimum demand potential destabiligimg grid.
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7 Conclusion

Background information was collected on the NEMut@erstand its construction and
organisation. This quantified the cost and the afp@mal limits of the generation
technology used in the NEM. Raw NEM operationabhdaas collected and processed
in MATLAB to gain an understanding of demand, prgiand how the different

generators are operated.

This data was then used to design and develop alMABTbased energy market
simulator. The simulator includes realistic datd amkes the simulation as realistic as

possible by using probability functions generatedfthe NEM data.

The simulator was then used to illustrate the dperaof a market based electrical
supply system. It shows how important accurate aehzand availability forecasting is
to ensure reliable operation of an electrical symystem. It also shows that energy
markets provide an effective method to manage tatsupply systems provided there
is an adequate transmission system and there msfisagnt competition. A market
managed electrical supply system may not necegsprivide the most efficient
solution as the lowest cost energy producer is mastessarily the best option for

reducing emissions and total system cost.

The simulator also showed the continued growtthaitstalment of renewable power
generation technologies will upset traditional blasel generators. There are significant
cost and emissions savings differences betweemeti@wvable technologies based on
installed capacity and power generated. Withoutgnstorage, renewable technologies

also need to be heavily backed up by traditions$ifduel generation.
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8 Future Work

In the renewable simulation the capacity factorsolar PV was around 22%. A review
of solar data on pvoutput.org showed real systeeesnsto have a capacity factor
between 15-19% indicating a potential problem wilite CDF functions used in the

simulator.

In the simulator, attempts were made to make theatel and renewable generation
outputs as realistic as possible. This was donaguSDFs calculated using real world

data. Due to limited time and the extent of theliglbavailable data the real world data

was taken from a relatively short period of 18 nmenfTo ensure these values weren’t
affected by any short term economic or weathewérites it would prudent to obtain

data over a longer time period.

Only a very basic procedure was used to generaeotitputs from the intermittent
renewable energy sources. It would be beneficialeieelop a more advanced method
that better reproduces any relationship betweenaddmand the output from the

intermittent renewable energy sources.

The demand and renewable energy output is calcukteach node independently of
the demands at adjacent nodes. It would be beakfiresearch the relationships that
would exist between different sub regions in theWN§o this could be included in the

simulator. This would allow an examination of hoengration resources can be better

shared across the NEM.
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10 Appendix A: Project Specifications

University of Southern Queensland

Faculty of Engineering and Surveying

ENG4111/4112 Research Project

Project Specification

Chris Flynn 0061009752
Topic: Electricity Market Simulation using MATLAB
Supervisior:  Tony Ahfock

Enrolment: ENG 4111 — S1, External, 2012
ENG 4112 — S2, External, 2012

Project Aim: The aim of this project is to develapMATLAB based electricity
market simulator that can be used as a teachirigThe simulator will

include the main features of the Australian Natidtlactricity Market.

1. Research the technology and infrastructure uséteiAustralian National
Electectricity Market.

2. Research the management and operation of the Aastidational Electricity
Market.

3. Design and develop a simulator for demonstratiahamalysis of market
managed electrical supply systems.

Chris Flynn 21/3/2012
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11 Appendix B: Files Included with Submission

Table 11-1 Data files submitted with assignment

Data file

Description

NEM_dispatches.zip

NEM. Contains data on the demand and price in eagion,
the interconnector flows and NEM constraints.

Generator

dispatches.zip

Raw 5 minute AEMO data on the power production le\at
the different AEMO generators.

Generator_outputs.zi

pProcessed data from NEM_gereator outputs.zip. €selléhe
data from each of the 5 minute dispatches for egteration
unit giving each generator its own file. The file a tab
delimited with a column for a MATLAB datenum time&cha

generator output level (MW).

NEM_hydro_data.txt

A tab delimited text file thencbines the total hydro outputs
the NEM for each region. The column structure o fite is
[datenum time, new south wales outputs, victoridpois,

Tasmanian outputs]

NEM_wind_data.txt

A tab delimited text file the cbimes the total wind outputs
the NEM for each region. The column structure & fite is
[datenum time, new south wales outputs, victoridpois,

Tasmanian outputs, south Australian outputs]

The raw 5 minute AEMO dispatchesd in the study of the

in

Nswsolardata.txt

A tab delimited text file with tkembined solar PV pvoutpl

data. The column structure [datenum time, solapwiit

Nswtempdata.txt

nswtempdem2.m. The column structure [datenum t

tempreture]

A tab delimited text file with themperature data used |i

NEM demand.txt

Tab delimited file with the output ror
Regional_dispatch_results.m for regional demanthénNEM
at the 5 minute dispatch interval. Column structigr@tenum

time, nsw,qld, vic, tas, sa]
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NEM price.txt

Tab delimited file with the ofn

Regional_dispatch_results.m for regional spot miagtice in
the NEM at the 5 minute dispatch interval. Coluntructure

output

[datenum time, nsw,qld, vic, tas, sa]

NEM

generation.txt

available

Tab the

Regional_dispatch_results.m for available genemaiio the

delimited file with fror

>

output

NEM at the 5 minute dispatch interval. Column stuoe

[datenum time, nsw,qld, vic, tas, sa]

NEM

reliance.txt

inter region

Tab the

Regional_dispatch_results.m for interregionly ggdransfers

delimited file with fron

=1

output

in the NEM at the 5 minute dispatch interval. Cotustructure

[datenum time, nsw,qld, vic, tas, sa]

Table 11-2 MATLARB files not used in simulator indked with submission

MATLAB File

Description

Generator_stats.m

Calculates the capacity factoailable factor and
volume weighted earnings of generators in the NBM f
before and after the introduction of carbon priciNnged
to specify the unit, its capacity and which NEMioggit

is in.

Demanddayprofile.m

Uses the NEM data to calculageaverage daily load
profiles for each NEM region

Demandhistogram.m

Code to display the summer amttewicumulative
demand profile of all NEM regions

Hydroall.m

calculates the hydroelectricity genedaiie each region
of the NEM

Nswtempdem2.m

Calculates the probability functioonf NEM data tg

use in the simulator

Probs.m

Calculates the probability functions for demanddray

and solar capacity at 1 hour intervals throughbeatday
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Probs2.m

hour intervals throughout the day

Calculates the probability functions fandvpower at 1

Nempricehistogram.m

Plot spot NEM prices using onergy analysis data ar

plot histograms of market prices

d

Pribfiletest.m

Tests the probability functions usedalculate demanc

solar and wind generator in the simulator

)

Generator_loads.m

Script used to combine the data fhousands of 5 th
minute AEMO dispatched files of generator loads ia

single file for each generator

e

Regional_dispatch_results.

m Compiles the data tlrmuasands of 5 minute individu
AEMO dispatches for individual parameters into
single file. Used to get the Price, demand and|ai@i
generation in each NEM region

QLD_price_demand_avail.mThis code fines the week of highest demand in Qhb

plots the relationship between demand, price

week of max demand

availability plot region data from summer and wmte

a

and

SA price_demand_avail.m

This code fines the weekigiiest demand in SA ar

plots the relationship between demand, price

week of max demand

availability plot region data from summer and wmte

d

and

Qld_genstack.m

Shows how demand

types

is covered by thifereht
generation in weeks of high demand

Queensland

SA_genstack.m

Shows how demand is covered by tHeerett
generation types in weeks of high demand in s

Australia

Duth

Pv_output.m

Downloads the intraday solar PV outpata from

pvoutput.org

Tempreture_data.m

underground.

Downloads intraday temperature data from weather
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Solarjoin.m

Combines the data from several indigidgplar syste

downloaded with pv_output.m into a file with 5 mie

time steps.
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12 Appendix C: Communication Strings Format

Table 12-1 Communication messages between MPshand®

Message type

Sent from MP

MO response

Register add ney

MP to simulation

v'type=reg,id=%s,name=%

The id is the ip address
the MP, name is used tf
string used to identify eag
MP.

5“Type=gens
genl=%s,max=%.0f,min=%.0f,ramp=9
bfaux=%.3f,c02=%.3f,eff=%s
1g@en2=%s,max=%.0f,min=%.0f,ramp=9
haux=%.3f,c02=%.3f,eff=%0s
gen3=%s,max=%.0f,min=%.0f,ramp=9

,aux=%.3f,c02=%.3f,eff=%s’

If registration successful MO respon

by allocating 3 generators to the MP

Update network

data — retrieves dat

on the node details

'type=networkdata,team=¢
as,round=%i¥"

Py

o'type=networkdata,%s'

A single is returned which is copie

>d

fuel prices and directly into the appropriate edit box
transmission

network

Market data -+ 'type=mkdata,id=%s,name 'type=mkdata,round=%i,forcast=%s,av

retrieve the forecas

and history data

t=%s'

%s,demand=%s,price=%s'

A string is returned for deman

available, forecast and price. Eval is |

to convert the string into a matrix whi¢

is then plotted in each axis.

d,
Ise
h
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Market instructiong
the

las

Request
results from
market round an
current team

ranking

> nd=%i"
[
)

'type=mkinst,team=%s,rou

type=mkinst,Round = %d \nYour in th
%s node\n\nGen 1 Load = %.0f \nGer
Load %.0f \nGen 3 Load %.
\nRound Profit = %.0f \n Total Profit
%.0f \n Rank = %d\n’'

and "\ninterc %i flow %.0f'

Creates a string that can be copj

straight into the edit box

Reset mode — use
to reset the MP

dAny message when MO i

reset mode

n'msg=reset’

Tells the MP software to delete all da

and have the MP re register

Bid — update MPs
bid with MO

5 'type=bid,name=%s,rnd=9
i,bid1=%s,bid2=%s,bid3=
%s'

The bid for each unit is a
column by 4 row matrix
Where each row is a blog

the MP can chose to use

otype=bid,stat=received

2

MO acknowledges the bid
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13 Appendix D: Market Operator Data Structure

Table 13-1 Data structure used by MO software

Structure Breakdown

Purpose

simpram.round

Stores the current round of the sitan.

simpram.forcast_mul_update

Vector containing thdtiplication factors used t

calculate demand in. each region

simpram.resetmode

Flag used to respond to MPs avitiset messag

Set by the reset button, cleared by the start butto

®

simpram.act_demand

Stores the matrix of actual ddmralues plotted if

the history axis. Vector for each node.

-

simpram.old_prices

Stores the matrix of old magketes values plotte

in the history axis. Vector for each node.

o

simpram.wind_gen

Vector used to store the outputgugage of wing

generation capacity from the last round.

simpram.last_round

Flag used to tell the forecastecif it needs tq

update values.

simpram.forcast_demand

Stores the matrix of thectst values plotted in th

forecast axis. Vector for each node.

S

simpram.available_capacity

Stores the matrix oflalke capacity values plotte

in the forecast axis. Vector for each node.

simpram.node

Stores the actual demand and maricet pratrixes

from each simulation round.

simpram.team

Stores the details on each team.dimgjithe name)
total profit and the node they are located at. A
holds

efficiency and other details on each of the geoesa

simpram.team{}.gens  which the ¢

allocated to the team.

\Iso

DSt

simpram.rnddetails

Stores the bids for each gemeratd the result

from running the simulation for each round.

Simoram.rnds{}

Holds the cost and emissions resigtseach round

of the simulation and if the simulation w

successful without dropping constraints.
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14 Appendix E: AEMO NEM Generator Data

VOM Combustion Fugitive

Thermal ($/Mwh emission emission

efficiency FOM sent-out) factor factor Capacity Fuel

HHV (%) Auxiliaries | ($/MW/year) | for 2009- (kg CO2-e/GJ | (kg CO2- (MW) Cost
Station Name Plant type Fuel type sent-out (%) for 2009-10 10 of fuel) e/GJ of fuel) 2012 $/GJ2012
Bayswater Subcritical pf Black coal 35.9% 6.0% 49,000 1.19 90.2 8.7 2720 1.23
Blowering Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 80 0.00
Capital Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 140 0.00
Colongra GT OCGT Natural gas 32.0% 3.0% 13,000 9.98 51.3 14.2 664 8.16
Cullerin Range Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 30 0.00
Eraring Subcritical pf Black coal 35.4% 6.5% 49,000 1.19 89.5 8.7 2877 1.69
Guthega Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 60 0.00
Hume (NSW) Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 29 0.00
Hunter Valley OCGT Liquid fuel 28.0% 3.0% 13,000 9.61 69.7 5.3 50 30.00
Liddell Subcritical pf Black coall 33.8% 5.0% 52,000 1.19 92.8 8.7 2100 1.23
Mt Piper Subcritical pf Black coal 37.0% 5.0% 49,000 1.32 87.4 8.7 1320 1.75
Munmorah Subcritical pf Black coal 30.8% 7.3% 55,000 1.19 90.3 8.7 600 1.70
Redbank Subcritical pf Black coal 29.3% 8.0% 49,500 1.19 90.0 8.7 150 1.01
Shoalhaven Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 240 0.00
Smithfield Cogen Natural gas 41.0% 5.0% 25,000 2.40 51.3 14.2 176 4.18
Tallawarra CCGT Natural gas 50.0% 3.0% 31,000 1.05 51.3 14.2 410 3.79
Tumut 1 Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 330 0.00
Tumut 2 Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 286 0.00
Tumut 3 Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 1500 0.00
Uranquinty OCGT Natural gas 32.0% 3.0% 13,000 9.98 51.3 14.2 664 6.37
Vales Point B Subcritical pf Black coal 35.4% 4.6% 49,000 1.19 89.8 8.7 1320 1.70




Wallerawang C Subcritical pf Black coal 33.1% 7.3% 52,000 1.32 87.4 8.7 1000 1.75
Barcaldine CCGT Natural gas 40.0% 3.0% 25,000 2.40 51.3 5.4 55 6.62
Barron Gorge Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 60 0.00
Braemar OCGT Natural gas 30.0% 2.5% 13,000 7.93 51.3 5.4 504 2.67
Braemar 2 OCGT Natural gas 30.0% 2.5% 13,000 7.93 51.3 5.4 504 2.89
Callide B Subcritical pf Black coal 36.1% 7.0% 49,500 1.19 95.0 2.0 700 1.34
Callide Power Plant Supercritical pf Black coal 38.0% 4.8% 49,500 1.19 95.0 2.0 810 1.34
Collinsville Subcritical pf Black coal 27.7% 8.0% 65,000 1.32 89.4 2.0 190 2.13
Condamine CCGT Natural gas 48.0% 3.0% 31,000 1.05 51.3 2.0 140 0.95
Darling Downs CCGT Natural gas 46.0% 6.0% 31,000 1.05 51.3 2.0 630 341
Gladstone Subcritical pf Black coal 35.2% 5.0% 52,000 1.19 92.1 2.0 1680 1.58
Kareeya Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 81 0.00
Kogan Creek Supercritical pf Black coal 37.5% 8.0% 48,000 1.25 94.0 2.0 750 0.76
Mackay OCGT Liquid fuel 28.0% 3.0% 13,000 9.05 69.7 5.3 34 30.00
Millmerran Supercritical pf Black coal 37.5% 4.5% 48,000 1.19 92.0 2.0 850 0.86
Mt Stuart OCGT Liquid fuel 30.0% 3.0% 13,000 9.05 69.7 5.3 418 30.00
Oakey OCGT Natural gas 32.6% 3.0% 13,000 9.61 51.3 5.4 282 4.22
Roma OCGT Natural gas 30.0% 3.0% 13,000 9.61 51.3 5.4 80 4.30
Stanwell Subcritical pf Black coal 36.4% 7.0% 49,000 1.19 90.4 2.0 1440 1.41
Swanbank B Subcritical pf Black coal 30.5% 8.0% 55,000 1.19 90.4 2.0 480 1.90
Swanbank E CCGT Natural gas 47.0% 3.0% 31,000 1.05 51.3 5.4 385 3.47
Tarong Subcritical pf Black coal 36.2% 8.0% 49,500 1.43 92.1 2.0 1400 1.02
Tarong North Supercritical pf Black coal 39.2% 5.0% 48,000 1.43 92.1 2.0 443 1.02
Townsville CCGT Natural gas 46.0% 3.0% 31,000 1.05 51.3 5.4 240 4.03
Windy Hill Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 12 0.00
Wivenhoe Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 500 0.00
Yarwun Cogen Cogen Natural gas 34.0% 2.0% 25,000 0.00 51.3 5.4 168 3.55




Angaston Reciprocating Engine | Liquid fuel 26.0% 2.5% 13,000 9.61 67.9 5.3 50 30.00
Cathedral Rocks Wind Farm | ;g Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 66 0.00
Clements Gap Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 57 0.00
Dry Creek OCGT Natural gas 26.0% 3.0% 13,000 9.61 51.3 18.6 156 4.69
Hallett OCGT Natural gas 24.0% 2.5% 13,000 9.61 51.3 18.6 180 6.64
Hallett 1 Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 95 0.00
Hallett 2 Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 71 0.00
Hallett 4 Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 132.3 0.00
Ladbroke Grove OCGT Natural gas 30.0% 3.0% 13,000 3.60 51.3 18.6 80 491
Lake Bonney 2 Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 159 0.00
Lake Bonney 3 Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 39 0.00
Lake Bonney Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 80.5 0.00
Mintaro OCGT Natural gas 28.0% 3.0% 13,000 9.61 51.3 18.6 90 6.64
Mt Millar Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 70 0.00
Northern Subcritical pf Brown coal 34.9% 5.0% 55,000 1.19 91.0 0.9 530 1.52
Osborne CCGT Natural gas 42.0% 5.0% 25,000 5.09 51.3 18.6 180 4.12
Pelican Point CCGT Natural gas 48.0% 2.0% 31,000 1.05 51.3 18.6 485 3.96
Playford Subcritical pf Brown coal 21.9% 8.0% 70,000 3.00 91.0 0.9 240 1.52
Port Lincoln OCGT Liquid fuel 26.0% 8.0% 13,000 9.61 67.9 5.3 50 30.00
Quarantine OCGT Natural gas 32.0% 5.0% 13,000 9.61 51.3 18.6 216 6.00
Snowtown Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 99 0.00
Snuggery OCGT Liquid fuel 26.0% 3.0% 13,000 9.61 67.9 5.3 63 30.00
Starfish Hill Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 34.5 0.00
Torrens Island A Steam Turbine Natural gas 27.6% 5.0% 40,000 2.25 51.3 18.6 480 4.02
Torrens Island B Steam Turbine Natural gas 30.0% 5.0% 40,000 2.25 51.3 18.6 800 4.02
Waterloo Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 111 0.00
Wattle Point Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 90.75 0.00
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Bastyan Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 79.9 0.00
Bell Bay Three OCGT Natural gas 29.0% 2.5% 13,000 7.93 51.3 5.8 105 5.54
Cethana Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 85 0.00
Devils Gate Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 60 0.00
Fisher Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 43.2 0.00
Gordon Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 432 0.00
John Butters Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 144 0.00
Lake Echo Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 324 0.00
Lemonthyme_Wilmot Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 81.6 0.00
Liapootah_Wayatinah_Cataguny Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 170 0.00
Mackintosh Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 79.9 0.00
Meadowbank Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 40 0.00
Poatina Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 300 0.00
Reece Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 231.2 0.00
Tamar Valley CCGT CCGT Natural gas 48.0% 3.0% 31,000 1.05 51.3 5.8 200 5.54
Tamar Valley OCGT OCGT Natural gas 29.0% 2.5% 13,000 9.61 51.3 5.8 58 6.63
Tarraleah Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 90 0.00
Trevallyn Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 80 0.00
Tribute Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 82.8 0.00
Tungatinah Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 125 0.00
Woolnorth Bluff Point Wind

Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 140 0.00
Anglesea Subcritical pf Brown coal 27.2% 10.0% 81,000 1.19 91.0 0.3 160 0.39
Bairnsdale OCGT Natural gas 34.0% 3.0% 13,000 2.26 51.3 5.8 92 4.29
Bogong Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 140 0.00
Dartmouth Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 158 0.00
Eildon Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 120 0.00
Energy Brix Complex Subcritical pf Brown coal 24.0% 15.0% 60,000 1.19 99.0 0.3 195 0.59




Hazelwood Subcritical pf Brown coal 22.0% 10.0% 84,030 1.19 93.0 0.3 1640 0.08
Hume (Vic) Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 29 0.00
Jeeralang A OCGT Natural gas 22.9% 3.0% 13,000 9.05 51.3 5.8 228 3.88
Jeeralang B OCGT Natural gas 22.9% 3.0% 13,000 9.05 51.3 5.8 255 3.88
Laverton North OCGT Natural gas 30.4% 2.5% 13,000 7.93 51.3 5.8 312 4.10
Loy Yang A Subcritical pf Brown coal 27.2% 9.0% 79,000 1.19 91.5 0.3 2180 0.08
Loy Yang B Subcritical pf Brown coal 26.6% 7.5% 51,200 1.19 91.5 0.3 1050 0.37
McKay Creek Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 160 0.00
Mortlake OCGT Natural gas 32.0% 3.0% 13,000 8.50 51.3 5.8 550 5.62
Murray 1 Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 950 0.00
Murray 2 Hydro Hydro 100.0% 1.0% 52,000 6.15 0.0 0.0 550 0.00
Newport Steam Turbine Natural gas 33.3% 5.0% 40,000 2.25 51.3 5.8 500 4.08
Somerton OCGT Natural gas 24.0% 2.5% 13,000 9.61 51.3 5.8 160 4.11
Toora Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 21 0.00
Valley Power OCGT Natural gas 24.0% 3.0% 13,000 9.61 51.3 5.8 300 3.87
Waubra Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 192 0.00
West Kiewa Hydro Hydro 100.0% 1.0% 52,000 7.15 0.0 0.0 62 0.00
Wonthaggi Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 12 0.00
Yallourn Subcritical pf Brown coal 23.5% 8.9% 82,400 1.19 92.5 0.3 1480 0.09
vambuk Wind Farm Wind Wind 100.0% 0.0% 20,500 1.75 0.0 0.0 30 0.00

Source filehttp://www.aemo.com.au/planning/0410-0029.zip




