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ABSTRACT 

The contribution of wind power has increased significantly in many power 

systems due to the near-zero fuel cost and environmental benefits. However, it is 

also widely recognised that the intrinsic properties of wind – variability, 

uncertainty and location-specificity - can have negative effects on the operation of 

power systems when integrating a large amount of wind power. Three commonly 

discussed effects are: (i) the increase in conventional generation capacity for long-

term system adequacy due to variability of wind power generation; (ii) the 

increase in balancing reserves to make up for forecast errors due to the 

uncertainty of wind generation; and (iii) the extra network reinforcement and 

augmentation required to support more wind power due to the remote and 

isolated location of most wind farms. Accordingly, these effects bring additional 

system “integration costs” including conventional capacity costs due to wind 

variability, balancing costs due to wind uncertainty, and grid-related costs due to 

specific location of wind farms. These need to be added to the private cost of 

wind generation to accurately reflect the true social cost.  

The Australian National Electricity Market (NEM) is one of the electricity 

markets that have experienced a rapid uptake in wind generation in the past 

decade because generation from wind is one of the cheapest sources of 

renewable energy in Australia. The Australian Government has set an ambitious 

Large-scale Renewable Energy Target (LRET) for at least 20 per cent of total 

electricity generation to be renewable by 2020. To meet this target, installed wind 

capacity is projected to increase to 12GW by 2020 making wind the largest 

capacity penetration amongst all renewable sources. The target has generated 

debates and it is still unclear how it could be achieved in cost-effective ways while 

achieving reliability and security objective for electricity supply in the long term.  

NEM has unique market design and characteristics that could make large-scale 

integration of wind power challenging especially in the absence of adequate 

network planning and investments in new technologies. Five key characteristics of 

the NEM are identified in this thesis that are worth considering when assessing 

the possibility to integrate a large amount of wind power into the system.  

Firstly, NEM is an isolated power system without interconnections with other 

regions and countries and it relies significantly on coal generation to meet 
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electricity demand. The existing interconnector capacity between States are 

relatively weak and require extension or augmentation. This power system is 

therefore not ready to absorb significant intermittent generation sources in the 

short to medium term as it was historically designed to support thermal 

generation.   

Secondly, it is observed that since 2011 the extreme peak demands in the 

NEM have shifted from winter to summer whereas wind usually contributes little 

to peak demand on hot days. Thirdly, the significant concentration of wind power 

generation in one region (South Australia) with weak interconnector capacity 

makes it challenging to export the excess wind power generation from South 

Australia to other States on days where wind generation is higher than demand.  

Therefore, there was a large amount of wind power that had to be curtailed in 

South Australia which is a waste for the country.  

Fourthly, South Australia is the largest net importer in the NEM region as it 

imports significant gas from Victoria to meet (a handful) peak demand periods. 

This dilemma in South Australia caused extraordinary price spikes in the periods 

of low wind power generation which sparked calls for a national inquiry into 

introducing more intermittent renewable energy to meet emission reduction 

target. The Australian Government may end up achieving the emissions targets, 

but at even higher costs than what is necessary, and ultimately the higher cost will 

be passed on to customers. The requirements to build more gas power plants in 

South Australia to serve for its own demand while investing in battery storage are 

necessary to ensure security and reliability in the NEW power system. Finally, the 

long distance between load centres and wind farms in the NEM requires more 

grid connection works to facilitate more wind coming in the future.  

In this context, the Australian Energy Market Operator (AEMO) has published 

five studies outlining the major challenges in the integration of large-scale wind 

power into the NEM, but has not proposed robust solutions to address the 

challenges. Although large-scale wind integration solutions have been relatively 

well researched in other countries, the lessons are not directly applicable given 

the NEM's unique market design and wind characteristics. The Australian 

Government must develop its own solution for the specific wind integration issues 

it is facing. The critical issue is how to maximise the utilisation of natural wind 

resources to achieve sustainability and security of power supply goals while 
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addressing the major wind integration issues that may affect the optimal 

operation and development of the NEM power system in long-term. This thesis 

addresses this research gap.  

This thesis is structured into two parts. The first part including chapters 1 to 5 

that set the scene for the thesis by answering the question: “What are the specific 

wind integration issues in the Australian NEM when integrating large-scale 

generation of wind power into this power system”. Key issues identified include: (i) 

the NEM’s operational design and aging infrastructure have not yet economically 

supported integration of large amount of wind power, (ii) the absence of high 

correlation between wind and load during peak demand periods could be a 

significant barrier to utilise wind resources more cost-effectively, and (iii) the 

current NEM Rules do not provide a “causer pays” mechanism to allocate the 

“integration costs” to intermittent power plants whose production patterns 

require additional system costs for the power system’s security and reliability 

where in fact this cost will be ultimately borne by the consumers. 

The last part of the thesis aims to address the question “What is the optimal 

level of wind power generation for the Australian NEM when the objective is to 

achieve the triple goals of reducing CO2 emissions, cost-effective utilisation of 

wind resources and maintaining the power system’s security of supply?” This 

question is addressed by developing a least-cost optimisation model that 

internalise the integration costs and benefits of wind power to identify the 

optimal level of wind power penetration associated with optimal electricity 

generation portfolio in the NEM. Without consideration of wind integration costs, 

the model suggests that the optimal wind capacity could increase up between 

8GW and 20GW by 2026 depending on electricity demand scenarios. However, 

the model results also indicate that the optimal wind power penetration levels 

should be reduced to the range between 2GW and 4GW when wind integration 

costs are taken into account. Optimal wind power penetration level is observed to 

be sensitive to wind integration cost and electricity demand. 

The thesis uses high quality data provided by the Australian Energy Market 

Operator (AEMO). These include data on the five-minute generation of wind 

power (31 wind farms) and load over a period of eight years (2006-2013) for all 

the five regions in the NEM.  
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The thesis recommends the development of an effective regulatory 

mechanism in the NEM to allocate integration costs to wind generators on the 

basis of causer pays. The cost allocation mechanism would not be limited to wind 

generators but also include other intermittent generators who contribute to 

integration costs due to the variability and unpredictability of their electricity 

generation outputs. The thesis also recommends the development of minimum 

operation standards for wind generators to provide incentives for the adoption of 

intelligent wind technologies that reduce the impact on system inertia through 

investments in battery storage to help maintain NEM system security and 

reliability.       

 The thesis contributes to the literature in two aspects. Firstly, it broadens our 

understanding of the Australian National Electricity Market and provides in-depth 

analyses of market characteristics as well as unique issues of wind integration in 

the Australian context. The work presented in the first part of the thesis provides 

a sound foundation for any future studies that require a comprehensive 

understanding of wind and load patterns, diurnal and seasonal variations of wind 

power, the correlation between wind and load, and the capacity value of wind 

power in the NEM. Secondly, this thesis provides an optimization model for long-

term generation capacity planning in the NEM that internalises wind power 

integration costs, an issue that attracts significant interest among Australian 

regulators, policy makers and the market operator. 
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1. Introduction 

1.1. Background 

Like many other countries, Australia has recently experienced a rapid increase 

in wind penetration in two power systems namely National Electricity Market (NEM) 

covers eastern and south-eastern regions of Australia and Wholesale Electricity Market 

(WEM) in Western Australia (WA). Electricity networks in WA and the Northern 

Territory operate independently of the NEM. The focus of this research is the NEM, 

which is an isolated power system with no transmission interconnection with a 

neighbouring country or region. It is spread across a long physical distance connecting 

five states with relatively weak transmission networks, with most power plants located 

far from demand centres. Given these characteristics, increasing intermittent wind 

power generation in the NEM while maintaining system reliability and security 

becomes a complex and challenging task for market operators, regulators and policy 

makers. 

NEM commenced operation as an electricity wholesale spot market in 

December 1998 and is currently coordinated and operated by the Australian Energy 

Market Operator (AEMO) for trading electricity between generators and retailers or 

large end-use customers. It delivers electricity across an interconnected power system 

that stretches more than 5000 km serving about 9 million end use customers in 

Queensland (QLD), New South Wales (NSW), Victoria (VIC), Tasmania (TAS) and South 

Australia (SA). There are approximately 300 power stations operating in the NEM with 

a total registered generating capacity about 45 GW. Amongst these, the majority are 

black coal and brown coal fired power stations accounting for nearly 80 percent of 

total generation capacity. 

One of the reasons for accelerated wind power production in the NEM in recent 

years is the introduction of the national Renewable Energy Target (RET) scheme which 

commenced in January 2010 and aims to meet at least 20 percent of total electricity 

generation from renewable energy by 2020. The scheme requires electricity retailers 

to source a proportion of their electricity from renewable sources and has been 

implemented through Renewable Energy Certificates (RECs). Eligible renewable 

generators create RECs in proportion to their energy output. These RECs can be 

traded, banked, or sold to retailers that must surrender several RECs in proportion to 

their share of the national target.  
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In 2011, the RECs obligation commenced at 14,825GWh and will increase 

annually until it reaches 45,000GWh by 2020. Since January 2011, the scheme has had 

two parts. The first part is the Small-scale Renewable Energy Scheme (SRES), which is a 

fixed price, unlimited-quantity scheme available only to small-scale technologies such 

as solar water heating. The second part is the Large-scale Renewable Energy Target 

(LRET) that covers large-scale renewable energy projects like wind farms, commercial 

solar and geothermal, expected to deliver the majority of the 2020 target. 

Wind power is projected to constitute the largest contribution to the target 

among all renewable sources. Australian Energy Market Operator (AEMO) forecasts 

that an additional 8.8 GW of new wind power generation is expected to be connected 

to the NEM power system by 2020, making the total installed wind capacity increase 

from 3.1 GW to about 12 GW, accounting for about 27 percent of capacity penetration 

in the NEM electrical power system. All wind farms in the NEM are installed onshore 

and most of them having capacity greater than 50 MW in size. 

Integrating this level of new wind power generation will present challenges in 

operating the power system and the electricity market. Major challenges for high 

penetration of wind power in a power system vary from system to system, however, 

the three common issues typically considered are: (i) extra system reserve capacity 

required to maintain system reliability in long-term; (ii) system balancing services 

needed to make up for forecast errors in short-term and real-time, and (iii) grid 

extension and augmentation requirements to access remote wind energy resources 

and to integrate the increase in wind generation. 

The important question is how Australian utilities, regulators and policymakers 

will be addressing the impact of integrating a large amount of wind power in the NEM 

to maintain system reliability and security while meeting renewable energy production 

targets. To answer this question, it is necessary to identify issues that may affect 

specifically the operation of the NEM and to quantify extra operating and investment 

costs of the non-wind part of the power system to integrate a large amount of wind 

power into the NEM system which is herein called “integration costs”. Integration 

costs need to be added to direct costs of wind power to derive its total economic costs 

to assist informed policy making. Ignoring or underestimating integration costs will 

lead to a biased decision about welfare-optimal generation mix and associated 

transformation costs of the power system.  
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Estimation of integration costs of wind power and identifying the least cost 

optimal wind penetration rates in the total generation mix of the NEM electrical power 

over a period of ten years (2016-2026), therefore, is the main objective of this thesis. 

 

1.2. Research Objectives and Research Questions 

This objective is achieved through addressing the following four specific research 

questions: 

a. What are the key challenges in integrating a large amounts of wind power in the 

Australian NEM power system? 

b. How much thermal-equivalent capacity could wind power contribute to system 

peak demand? 

c. What are the costs and benefits of integrating large-scale wind power into the 

NEM system? 

d. What would optimal wind power penetration levels be from present to 2026 to 

meet projected electricity demand while enabling the NEM power system to 

operate at minimal total cost in long term?  

The thesis structure and chapters presented in Figure 1-1 aims to answer the 

above research questions. This thesis contributes to the literature in three aspects. 

Firstly, this thesis calculates the capacity value of wind power in the NEM. The capacity 

value of wind power is a key parameter that AEMO requires when predicting the 

contribution of wind generation to peak periods to manage investments in the system 

reserve capacity.  Secondly, this thesis provides an estimation of the additional non-

private costs that may imposed on the NEM power system due to the integration of 

large-scale wind power at high penetration levels, known as “wind integration costs”.  

And finally, this thesis develops a least-cost optimisation model to identify optimal 

wind penetration levels associated with optimal generation portfolio to maintain the 

power system adequacy1 at least costs. 

                                                             
1 It is important to distinguish between three terminologies: power system adequacy, power system reliability, and power system 
security. Power system adequacy is the ability of the power system to supply all demand for electricity at all time. Power system 
reliability is the ability the power system to deliver energy within reliability standards. Power system security is the ability of a 
power system to withstand sudden disturbances, including failure of generating equipment or network. 
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 Figure 1-1: Thesis Structure, Methodology,  Findings and Contribution
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1.3. Scope of Thesis 

The thesis examines the impacts of large-scale integration of wind power to the 

long-term generation capacity planning of the NEM power system. The focus is to 

calculate capacity value of wind power, estimate back-up reserve capacity cost and 

balancing cost required to maintain system reliability standard, and to identify least 

cost wind penetration levels associated with optimal generation mix in a ten-year 

planning horizon, 2016-2026. The thesis, therefore, excludes the effect of wind power 

in short-term and real-time on the operation of the NEM power system and technical 

impact of extra wind power production on the utilisation of other power plants (e.g. 

utilisation rate, system flexibility, etc).  

Wind is assumed to have unlimited resources with no regulated barriers from 

regulators and the Governments to develop new wind farms in the regions. The thesis 

takes transmission capacity between regions as given, and therefore excludes the 

impact of major transmission extension or reinforcement projects on the operation of 

the NEM. This thesis, however does consider the additional cost of Heywood 

interconnector augmentation between VIC and SA in the integration cost estimates but 

the method is simplified.  

The geographical area in this thesis covers five states in the NEM including New 

South Wales, Queensland, South Australia, Victoria, and Tasmania. The local and 

technical issues of system reliability such as voltage management, system stability, and 

power quality are out of the scope of this thesis.  

1.4. Thesis Outline 

This thesis is presented as a series of scientific papers. The current chapter 

introduces the topic, provides an overview of the thesis and outlines the research aim 

and four research questions to be addressed. A paper to estimate Levelized Cost of 

Electricity Generation by Technology considering Government’s Subsidisation, 

Emissions Costs and Grid Integration Costs was published in the conference proceeding 

and is attached in Appendix 2 of the thesis. Chapter 4 was published in a scientific 

journal, and Chapter 5 was presented as a poster at an international conference. As 

outlined in the Statement of student contribution, this thesis will be the basis for three 

more scientific journals as a result of chapters 2 and 3 (first paper), chapter 5 (second 

paper), and chapter 6 (third paper).  Chapter 7 provides the overall conclusion of the 

thesis. Each chapter can be read either as part of the whole thesis, or as separate 
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entities. Each research chapter contains an independent introduction, literature 

review, methods, results, and discussion section. 

This leads to some overlap in the thesis, particularly with regards to the 

description of the case study area in the NEM. In addition, each chapter is 

independently referenced. The published papers are enclosed in the Appendices of 

this thesis.  
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2. Characteristics of the NEM and the Challenges of 

Integration Wind Power 

Abstract 

This chapter describes the key structural and operational characteristics of the 

Australian National Electricity Market (NEM) with a focus on the effects of integrating 

large amounts of wind generation to the power system to meet electricity demand 

while achieving CO2 emission reduction goals. A literature review of benefits and costs 

of wind power integration in different countries is also presented. Finally, the chapter 

summarises key challenges that arise in the integration of large-scale wind power into 

the NEM.    

Keywords: Wind Power, Electricity Market, Wind Characteristics, System Reserve 

Capacity, Ancillary Services, Balancing Reserve Requirement. 

 

2.1. Introduction 

Australia has some of the best wind resources in the world, mainly located in 

southern parts of the country including South Australia and Tasmania. Wind power, as 

reported by the Clean Energy Council (CEC), is currently the cheapest source of large-

scale renewable energy for producing electricity in Australia [1]. The Australian wind 

energy industry has never experienced such a significant growth in wind energy 

production as was seen in the past decade, with total installed capacity of wind farms 

nearly 4.3GW in 2016, increasing by an average of around 25 percent per annum. In 

2016, Australia's wind farms produced 33.7 percent of the country's clean energy and 

supplied 4.9 percent of Australia's overall electricity during the year [2]. In 2016, Wind 

energy in Australia accounts for about 2.4 per cent of Australia's total energy 

consumption, producing roughly 6,800 Gigawatt-hour (GWh) of energy per annum [3]. 

The contribution of wind energy in total electricity generation in Australia is still 

low compared to other countries which are leading in wind energy generation such as 

China (169GW), United States (82GW), Germany (50GW), India (29GW) and Spain 

(23GW) [4]. However, the Australian electricity industry is projected for substantial 
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expansion of wind generation over the next decade, an objective that is well supported 

by the Australian Government’s LRET scheme. 

Integrating a large amount of wind power into the NEM power system brings a 

lot of benefits to the industry and society, but also imposes operational and technical 

challenges to maintain power system stability and reliability due to the inherent 

intermittency of wind resources. This makes the control of power system frequency 

following contingency events more difficult because the power system’s inertia is 

reduced due to less utilisation of conventional synchronous generation. Moreover, 

significant new wind generation connected to the grid can reduce existing 

interconnector transfer limits, particularly under conditions of low demand and high 

wind speeds in SA and TAS where wind generation constitutes a large percentage of 

the electricity generation mix.  

In economic perspectives, facilitating the addition of a large volume of wind 

power to the NEM may have negative effects on generators and consumers in many 

aspects, such as changes in the utilisation rate of thermal power generators by 

variation of balancing merit order for dispatch in real time (or merit-order effect), and 

increases in the volatility of the spot prices with potential impacts in the form of higher 

electricity prices to consumers. With regards to power system adequacy, supporting a 

large amount of wind generation also requires extra balancing reserve requirements 

and system reserve capacity, ancillary services, and transmission network 

augmentation and extension.  

While it cannot be denied that wind energy will bring a lot of benefits, these 

benefits needs to be balanced off against the negative consequences of producing 

more wind energy. Therefore, the central issue and solution of the integration of a 

large amount of wind power in any power system, including the NEM, is to maximise 

the utilisation of natural wind resources to achieve the goals of sustainability and 

security of supply while addressing the major negative effects on the operation and 

development of the power system. This is also the central theme of this thesis. 

This chapter includes five sections. Section 2.1 is the introduction of the 

chapter. Section 2.2 provides an overview and detailed analysis of the Australian NEM 

structural and operational characteristics to set the scene for the entire thesis. Section 

2.3 summarises the impacts of wind power on power systems in different countries. 

Section 2.4 highlights key challenges when integrating large-scale wind power to the 

Australian NEM which are heavily referenced and cited from the AEMO’s published 
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works. Finally, section 2.5 identifies measures that could help facilitate the integration 

of a large amount of wind power into the NEM system. 

 

2.2. Overview of the NEM 

2.2.1. The energy-only market structure and operation 

Australia is a home to the world’s longest interconnected power system from 

Port Douglas in Queensland to Port Lincoln in South Australia and Hobart in Tasmania 

with a distance of around 5,000 kilometres. There are three key markets that underpin 

the electricity industry in eastern and southern states of Australia. They are National 

Electricity Market (NEM), Electricity Retail Market, and Electricity Financial Market. The 

NEM involves in wholesale electricity trading between market producers (or 

generators) and market customers (who are retailers or large end-users such as 

aluminium smelter, oil refinery manufacturers, etc). The Electricity Retail Market 

includes electricity selling and buying between retailers and residential and 

commercial customers. The Electricity Financial Market facilitates the set-up of 

financial contracts between electricity generators, retailers and investors. These 

contracts act as insurance policies to reduce the financial risk exposure to all 

contracted parties due to electricity price volatility. The Australian NEM, however, is 

the only focus in the thesis and this chapter. 

The NEM power system refers to the control centres, power stations, 

transmission and distribution networks that deliver electricity. The Australian Energy 

Market Operator (AEMO) is responsible for the day-to-day management of this power 

system. Regarding transmission and distribution infrastructure, the NEM comprises of 

two types of network service providers who own, operate and control the network. 

They are Transmission Network Service Providers (TSNPs) and Distribution Network 

Service Providers (DNSPs) who deal with transmission and distribution assets 

correspondently. Since the NEM was developed, generation activities have been 

separated from network services; therefore, market customers are charged network 

services separately from the charges for the amount of electricity purchased from 

generators. [5] 
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Figure 2-1: Geographical location of the NEM 

Figure 2-1 provides the geographical location of the NEM which covers five states 

in Australian eastern seaboard (QLD, NSW, VIC, SA, TAS). Each state in the NEM is 

connected via interconnectors (represented by dot lines and red circle). Norther 

Territory (NT) and Western Australia (WA) are not yet part of the NEM.  

The primary role of the NEM spot market is to balance supply and demand at all 

time through a centrally-coordinated dispatch process by the AEMO. Market 

generators offer to sell to the market specific amounts of electricity at different prices. 

Market customers comprising retailers and large end-used customers submit to AEMO 

bids which contain the quantities of electricity they want to buy and the prices they 

are willing to pay. Market generators’ offers and customers’ bids are submitted to the 

AEMO for every five-minute interval of the day, covering the 24 hours of a day. 
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To achieve supply-demand balance in every second, AEMO sums up demand 

across each region to give an aggregated demand figure. AEMO’s sophisticated control 

systems monitor and update this figure for each region roughly every four seconds, 

forming “load patterns”. These patterns are used to predict how much electricity will 

be required in a particular region at a particular time. AEMO has two control centres 

based in Sydney and Melbourne which operate 24 hours a day, seven days a week to 

provide the signals necessary to maintain the supply-demand balance. These control 

centres continually operate and manage the real-time dispatch of scheduled 

generators and scheduled loads to meet electricity demand. They are configured with 

identical communication and information systems so, if necessary, either centre can 

independently operate the power system if other control centre is accidentally 

disrupted. 

To understand how the NEM dispatch process and spot price is determined in 

the market, Figure 2-2 below describe how electricity is traded in the pool and 

transactions are daily conducted within the NEM for electricity trading. 

 

 

Figure 2-2: Electricity Trading and Pricing in the NEM 

As shown in the Figure 2-1, a range of market participants and transactions is 

daily conducted within the NEM for electricity trading. Market generators2 (symbolic G 

                                                             
2 Generators can be categorised in scheduled generator (SG) and semi-scheduled generator (S-SG) 
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in the diagram) submit a maximum of ten pairs of supply quantity and price offers, and 

market customers (primarily retailers symbolic R) submit a maximum of ten pairs of 

demand and price bids for every 5-minute dispatch interval in the pool which is 

coordinated by AEMO.  

AEMO must dispatch the cheapest generator offers first, then progressively 

dispatch for more expensive offers until enough electricity is dispatched to satisfy 

demand. In practice, various factors may modify the dispatch order, including 

generator ramping capacity that is, how quickly generators can adjust their level of 

output in one minute, and congestion in transmission networks.  

The dispatch price is determined for every 5-minute interval by identifying the 

highest offer price (or marginal price) where supply meets demand. A wholesale spot 

price is then determined in every half-hour (or 30-minute interval) by taking average of 

the six 5-minute interval dispatch prices. Spot price is the price that all generators 

receive for their supply of electricity during half-hour period, and wholesale customers 

pay for the electricity they use in that period. Spot prices may range between a floor of 

–$1000 per MWh and a cap of $14,000 per MWh (price in 2017). 

The AEMO then uses the spot price to settle all energy quantity traded in the 

NEM. Market generators are paid for the quantity of electricity (MW) they sell to the 

pool and market customers pay for their electricity consumption (MW) from the pool 

at the spot price. Market generators and customers usually sign financial contracts to 

reduce financial risk exposure due to high price volatility.  

2.2.2. Key Characteristics of the NEM 

The NEM was established in December 1998 covering eastern and southern 

regions in Australia. It provides electricity to approximately 9.3 million customers in 

five interconnected regions including Queensland (QLD), New South Wales (NSW), 

South Australia (SA), Victoria (VIC), and Tasmania (TAS). It involves about 200 large 

generators and 13 major distribution networks that supply electricity to end-users. 

NEM, however, is an isolated power system with no transmission interconnection with 

other networks or a neighbouring country. The NEM spreads a long physical distance 

                                                                                                                                                                                   

A scheduled generator refers to fossil-fuel based generation (coal, gas, diesel, etc) with minimum generation 
capacity of 30MW 

A semi-scheduled generator refers to intermittent generation (wind, solar, tidy) 
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connecting five states with a relatively weak transmission network. Most of power 

stations in the NEM are located far from demand centres.  

This chapter summarises the six key characteristics of the Australian NEM that 

provide the background to the focus of the entire thesis. These are: (a) the dominance 

of coal generation to meet electricity demand; (b) the reduction in total installed 

capacity and electricity demand in recent years; (c) the increase in spot prices and 

ancillary services3 costs over time; (d) the shift of extreme peak demands from winter 

to summer days; (e) the significant concentration of wind generation in South Australia 

but with little contribution to peak demand times; and (f) the shift of transmission 

planning from managing peak demand to facilitating large-scale renewable energy. 

Detailed analysis of each factor is presented below.  

a.  The Dominance of Coal Generation 

The NEM has a total installed capacity of 47GW in 2016 and electricity 

generation by fuel type is dominated by black coal and brown coal which accounts for 

about 76 percent of total electricity generation in the NEM [6]. As shown in Figure 2-

34, the NEM electricity demand is met mainly by thermal generations and amongst all 

types of renewable energy for electricity production, hydro contributes the highest 

proportion, followed by wind energy, solar and other sources like biomass. 

b. Reduction in Total Installed Capacity and Electricity Demand 

NEM total installed capacity has declined from about 47GW in 2013 to 44GW in 

2017 as indicated in Figure 2-4. The decrease in installed capacity corresponds to the 

decrease in electricity demand as depicted in Figure 2-4. 

 

                                                             
3 Ancillary services are the services used by the AEMO to maintain key technical characteristics of the 
power system, including standards for frequency, voltage, network loading, and system restart 
processes. 
4 Figures 2-2 to 2-7 of this chapter are used from the Australian Energy Regulator (AER) wholesale 
statistics data sources: https://www.aer.gov.au/wholesale-markets/wholesale-statistics 
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Figure 2-3: Percentage of Installed Capacity and Electricity Generation by Fuel Type in 2017 

 

 

Figure 2-4: NEM Installed Capacity and Electricity Demand in 1999-2017 

In the past decade, the NEM has experienced a reduction in electricity 

consumption represented by the red line in the Figure 2-4. The declining trend 

commenced in 2010-2011 with the lowest demand occurring in 2014-2015 at 30GW, 

about 15 percent lower than the peak demand recorded in 2009. The three largest 
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factors contributing to the recent dramatic decreasing in electricity demand were the 

impact of energy efficiency programs, the structural change in the economy away from 

electricity intensive industries, and the responses of electricity consumers, especially 

residential consumers, to higher electricity prices [7]. There are other two reasons 

contributed to demand reduction in recent years are Demand Side Program (DSP) and 

the contribution of solar rooftop PV. 

c. Increasing Trend in Average Spot Prices and Ancillary Service Costs 

As can be observed from Figure 2-5, over the years since the NEM’s 

commencement, the annual average regional spot price increased almost at double 

digit growth rates, from an average of $40/MWh in the 1999-2006 period to about 

$80/MWh in 2016-2017.  

($/MWh)

 

Figure 2-5: Increasing Annual Average Regional Spot Price ($/MWh) in 1999-2017 
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Figure 2-6: Increase in Frequency Control Ancillary Services in the NEM in recent years (2016-
2017) 

Similarly, the Frequency Control Ancillary Services (FCAS) cost in the NEM also 

increased significantly in recent years (2015-2017) as illustrated in Figure 2-6. FCAS 

costs increases indicating the need for more services to control the frequency, voltage, 

network loading and system restart processes to manage the safety, security, and 

reliability of the power system. The higher the integration of intermittent wind energy 

to the NEM power system, the larger the FCAS would be required.   

d. Extreme Peak Demand Shifted from Winter to Summer 

Figure 2-7 indicates the trend of seasonal highest peak demand shifted from 

winter to summer in the NEM from 1999 to 2017. During the first period from 1999 to 

2008, most of extreme peak days occurred in winter; however, this trend has been 

reversed since 2008 to date. The magnitude of the MW difference between winter and 

summer peak days also increased in recent years. The main reason for this is the 

growing use of air conditioners over the past two decades. Three out of four Australian 

households currently have a refrigerated air conditioner or an evaporative cooler. This 

is almost double the rate of ownership back in the late 1990s. 

The shift of peak demand from winter to summer in the NEM was mainly caused 

by heatwaves that cumulative heat was built up with consecutive days of very high 

temperatures. This led to the maximal increases of air conditioner use by households 
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Figure 2-8: Wind Generation as Percentage of Regional Total Electricity Generation in 2005-
2017 
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Figure 2-9: Little Contribution from Wind Power during Peak Demand Times in South Australia 
(Jan 2016) 
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f. Network planning approach shifted from managing peak demand to 

facilitating higher levels of renewable generation 

AEMO, the electricity industry planning bodies, has identified that key drivers of 

potential network augmentation are shifting away from managing peak demand to 

facilitating higher levels of renewable generation and inter-regional energy transfer 

[9]. 

Transmission networks were traditionally designed for transporting energy from 

coal generation centres but now need to be transformed to support large-scale 

intermittent generation like wind and solar. Transmission networks will increasingly be 

needed for system support services, such as frequency and voltage support, to 

maintain a reliable and secure supply. To facilitate more wind generation integrated to 

the NEM, in the National Transmission Network Development Plan (NTNDP) published 

in 2016, the AEMO proposed to develop a new interconnector linking South Australia 

with either New South Wales or Victoria from 2021 and augmenting the existing 

interconnection linking New South Wales with both Queensland and Victoria in the 

mid to late 2020s. The AEMO also suggested augmenting transmission in western 

Victoria to accommodate over 4 gigawatts (GW) of projected new renewable 

generation capacity [9]. 

The driving factor for the new era of transmission planning in the NEM is based 

on the rapid transformation from a heavily coal-based electricity to a low carbon  

power industry. More wind power introduces to the power system, the less system 

resilience and strengths would be. The network augmentation and extension help 

improve the resilience of power system, which can withstand disturbances such as 

interconnector failures. The geographic and technological diversity smooths the impact 

of intermittency and reduces reliance on thermal-powered generation. 

2.3. Impacts of Wind Energy on Power System: A Summary 

Wind power is anticipated to increase towards high penetration rates in many 

countries. It is technically possible to integrate very large amounts of wind capacity 

into power systems. The question is how much wind power can be integrated at 

socially and economically acceptable costs. The integration of wind power into power 

systems has mainly been studied on a theoretical basis as wind power penetration is 
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still rather limited in most countries and power systems. There are top four countries 

that have practical experienced in high wind power penetration, namely Denmark (40 

per cent), Portugal (35 per cent), Spain (35 per cent) and Ireland (35 per cent).5 

The impacts of wind power in the electricity system depend on to a large extent 

on three key factors: (i) the level of wind power penetration; (ii) the grid size and 

capacity; and (iii) the generation mix of electricity in the power system [10]. For low 

penetration levels of wind power in a system, the day-to-day operation of the system 

will be insignificantly affected.  

There are two common ways to categorise the impacts of wind power on power 

systems. It can be grouped by short-term versus long-term impacts, or by local versus 

system-wide impacts. The short-term effects refer to impacts of wind power to power 

system measured by minutes to hours operational time scale. The impact is mainly on 

balancing market to match supply and demand in real time.  The long-term effects are 

related to the system adequacy and grid adequacy measured by one to ten years’ time 

scale. System adequacy is the generation capacity required in long term to reliably 

meet projected peak demands. Grid adequacy is the capacity of the network to cope 

with contingency events and the variation of frequency and voltage.  

This chapter categorises the impacts of wind power to power systems by local 

and system impacts because it covers a broader range of impacts to power systems. 

This chapter also summarises studies and results on integration costs and benefits of 

wind power investigated in different countries which are presented in Table 2-1. 

2.3.1 Local Networks Impacts 

a. Effect on Voltage and Power Control Capability 

Most wind turbines in the world use a so-called three-phase asynchronous 

generator (or induction generator) to generate alternating current. Induction 

generators, however, do not contribute to regulation of grid voltage nor frequency.  

and they are substantial absorbers of reactive power. Ideally, they need to be 

connected to very stiff grids in order not to detrimentally affect power quality. In 

reality, wind farm is usually constructed in the remote areas far from the grid. Wind 

power is usually connected to sub-transmission or distribution network where the grid 

                                                             
5 https://www.statista.com/statistics/217804/wind-energy-penetration-by-country/ 
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was not originally designed to transfer power from the system extremities back into 

the grid.  

Different wind turbines types have different control characteristics so as they can 

support the power system not only in standard but also in system disturbance 

situations. There is already technology that allows wind farms to benefit power system 

operation, such as by providing voltage management and reactive reserve in the case 

of Type III and IV turbines6 that are connected to the network [11]. Moreover, modern 

variable-speed turbines, such as Doubly Fed Induction Generators (DFIGs), can provide 

reactive power support using appropriate interfacing [12]. 

b. Effect on Transmission and Distribution Losses 

Wind power can either decrease or increase the transmission and distribution 

losses and grid congestions, depending on where it is situated with the load and the 

correlation between wind power penetration and load consumption [12]. Wind power 

may also change the power flow direction. 

Large-scale wind power tends to increase transmission losses or create a larger 

number of bottlenecks in transmission. Moreover, high wind penetration levels may 

result in higher transmission capacity requirements; consequently, higher transmission 

losses. Transmission congestions can occur when wind generation is away from loads 

[13]. 

In the UK, concentrating wind power generation in the north would double the 

estimated extra transmission costs to 2€/MWh and 3€/MWh at a penetration level of 

between 20 percent to 30 percent [13]. 

2.3.2 Regional and System Wide Impacts 

a. Effect on Transmission and Distribution Infrastructure 

As power plants connect to the grid, the transmission and distribution network 

infrastructure needs be upgraded. To connect remote wind farms to the load centres, 

new power lines and cables need to be constructed. To maximise the smoothing 

effects of geographically distributed wind and to increase the level of firm power, 

                                                             
6 Wind turbines have been classified as either type I, type II, type III or type IV, based on the technology they 

use. Older type I and II turbines are installed widely in the NEM, however they are considered to be near obsolete 
for new installations. Wind turbines type III and IV could improve ability to meet NEM grid connection standards. 
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additional cross-border transmission is necessary to reduce the challenges of managing 

a power system with high levels of wind power.   

b. Effect on Balancing Reserves 

Depending on the country, balancing reserve is defined in different ways. In the 

United States and Canada, balancing reserve is the backup reserves regulation (1-min), 

load following (5- min) and operating reserve (10-min) needed to account for wind 

power fluctuations. The main factors that affect the amount of required reserves are 

initial load variations, the size of the balancing region, and the geographical dispersion 

of wind power resources [14].  

The effect of wind power on the system operation on the regulating or primary 

reserve is very small, even at considerable penetration [15], [16]. Similarly, an Ontario 

case study [17] presents a good example of reserve requirements as a function of wind 

penetration. The study investigates the impacts of a wide range of wind penetration 

levels scenarios (4 percent, 17 percent, 20 percent, 27 percent and 33 percent) on the 

operation of the Ontario bulk power system.  

According to the study [17], the 1-min regulation requirement is not of concern, 

even with high wind penetration level, due to aggregation and spatial distribution of 

effect7. The 5-min load following requirement is found to be more substantial and may 

exceed the capability of existing generators when wind penetration level exceeds 17 

percent (5 GW). The study found that for the wind penetration scenarios of 20 percent 

(6 GW wind capacity) and higher, the 10-min operating reserve requirement should be 

increased to accommodate extreme drops in wind generation. 

c. Effect on conventional generation 

Fluctuating wind power affects other conventional dispatchable generation units. 

The intermittent performance of wind power means that conventional units might 

operate in a suboptimal unit commitment. This problem can be reduced by more 

accurate forecasting of wind production. However, even with good forecasting and 

prediction tools, fluctuation of wind power causes less efficient operation of thermal 

units [12]. Reduced efficiency of conventional thermal units such as coal and hydro 

generators will cause larger negative effects to the system to offset the potential 

                                                             
7 Spatial distribution of effect means output of wind farms located in different areas (spatial 

distribution) can be smoother when aggregated.  
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emission benefits of wind power. The costs of reducing operational efficiency of 

thermal power plants due to high wind penetration have been studied in [14, 18]. 

Results of this study show that cost of reduced generation efficiency on the system 

depends on the initial unit commitment of conventional units, wind power 

uncertainties, and system flexibility. 

d. Effect on the efficient use of wind resources 

In the absence of sufficient intelligent and well-managed power exchange 

between regions and countries, a combination of variable electricity demands and 

unpredictable wind production may result in situations where wind generation must 

be constrained and discarded when wind generation is more than electricity demand. 

In some cases, wind turbines' output needs to be curtailed to preserve the 

balanced, stable and secure operation of the grid. In low load periods, a system 

operator may consider wind power curtailment to ensure that enough dispatchable 

resources are online to guarantee enough reserves and ramping capabilities in order to 

accommodate demand's fluctuation [17].  

In other cases, the operator will order wind power curtailment when wind power 

is high, local demand is low and transmission lines to other areas are approaching their 

thermal limits [12]. South Australia has experienced wind curtailment issues which are 

described in detail in Chapter 3 of this thesis. 

The need to curtail wind power output depends not only on the penetration level 

but also on system flexibility. This flexibility can be enhanced by introducing more 

Demand Side Management (DSM) or Demand Response (DR) programs. 

e. Effect on system adequacy 

Wind power plays a role in maintaining system stability and contributes to 

system adequacy and stability of supply. Wind power, on the other hand, may increase 

system reserve capacity to back-up for the days where wind generation is limited due 

to weather condition.  

System adequacy refers to long-term reserve capacity required to maintain the 

security of electricity supply to meet demand. Reserve capacity is the difference 

between the total nameplate capacity of all power plants and the load at a given point 

time. Reserve capacity could be sourced from the generation part (e.g. extra capacity 
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requirement of a generator), or from consumption part (e.g. DSM, or Non-dispatchable 

Load).  

In general, large wind power penetration may require large amounts of the 

conventional plant to ensure system adequacy and security [13]. However the effect of 

wind power on system adequacy depends on key characteristics of power systems 

such as original load demand, the geographical dispersion of wind power resources, 

the available transmission capacity, and the system flexibility.  
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2.4. Key Issues Considered in Integrating of Large-Scale Wind 
Power into the NEM 
The AEMO has published a series of five work packages under the 2010-2011 

National Transmission National Development Plan (NTNDP) to understand the world's 

best practice in system integration of wind power. These works have also identified 

how best to integrate and support the NEM power system due to large introduction of 

wind power [22].  

Although section 2.4 heavily reproduces the AEMO’s published works on the key 

technical issues and measures to mitigate the effects of high penetration of wind 

power on the NEM power system [23, 24], this section identifies the gaps in the 

AEMO’s wind integration studies that haven’t been widely discussed in the literature.   

Derived from the characteristics of the NEM and the expected wind power 

development in the NEM area, the AEMO studies [23,24] identified a list of technical 

issues when integrating wind power to the NEM among which some technical issues 

are likely to be more important than others. Figure 2-9 summarises key technical 

issues considered in wind integration studies and its relevance to the NEM. Section 

2.4.1 describes in detail some of the issues that are considered critical in the NEM. 
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Figure 2-10: Overview of Key Issues Considered by Wind Integration Studies [19]8 

                                                             
8 Figures 2-9 and 2-10 in this section are reproduced from the AEMO studies [23] 
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It can be seen that the most studied aspects are the impacts of wind power on 

secondary and tertiary reserve requirements (6 power systems investigated), voltage 

stability (6 power systems), generation adequacy and grid adequacy (5 power 

systems). The effects of wind power on reserve requirements are widely studied 

because an increase in reserve requirements can have large financial implications to 

the market. On the other hand, the issue of voltage stability, generation and grid 

adequacy were the broad concern in most power systems because they refer to 

system security and reliability. 

2.4.1. Review of Grid Code Requirements in the National Electricity Rules 

To review the grid planning approach and grid code in the National Electricity 

Rules (NER) is one of the priorities that the Australian policy makers and regulators 

should look at when efficiently integrating large amounts of wind energy. Most of wind 

resources are available in remote areas and it is not yet economically viable to access 

the transmission grid without requiring grid extensions.  

The current NEM grid code was initially developed based on the characteristics 

and capabilities of large synchronous generators such as coal and gas power plants. 

Wind farms first joined the grid with very small capacity and mainly were connected to 

the distribution networks to serve a small local community. The NEM grid code was 

developed about 20 years ago, therefore it was not considered any potential technical 

issues arising from large-scale integration of wind power plants at the early grid 

design. Nowadays, more large wind farms are being constructed and they need to be 

connected directly to the transmission grid.  

The AEMO's studies highlighted the need for grid code standards and 

requirements in the NER be reviewed and examined to support a large amount of wind 

power. The NER  is different from international connection standards in that it allows 

for negotiation of performance requirements depending on the specific needs of the 

system in a particular location subject to the minimum and maximum capabilities of a 

generator that require connection to the grid [25].  

It is now necessary to review the current NEM grid code to provide more 

transparent technical requirements for wind farms to join the grid. As wind generation 

becomes a significant part of total generation in a system or region, it is clear that a 

higher standard of performance for wind power plants are required so as to ensure the 

continued reliable and economical operation of the power system [22],[25]. The grid 

code review should specify the steady and dynamic requirements that wind turbines 
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must meet in order to be connected to the grid (e.g. capabilities of contributing to 

frequency and voltage control of the transmission system). 

2.4.2. Effects of Power Flow  

With the connection of new wind power plants, active and reactive power is 

injected in different parts of the power system, altering the power flow characteristics 

in such a way that thermal and voltage limits may be violated. The addition of new 

generating capacity may change the power flow, change the voltage profile, require 

additional reactive power support measures, or displace conventional generation, 

changing the amount and location of the available reactive power supply. 

Wind power has a significant influence on the power flow in certain areas of the 

NEM network and its impact will increase as more wind power is introduced. For 

example, a study by Vencorp [25], identified that the increased injection of wind 

power at certain points of the network might result in thermal overloads and low 

voltages requiring reinforcement and support measures to be implemented. The 

impact on reactive power requirements appear to be critical in the networks of 

Victoria, South Australia and Tasmania for dealing with large quantities of wind power 

integration [25], [26, 27]. Furthermore, for the relatively isolated systems of South 

Australia, a minimum level of conventional generation remaining online near the major 

load centre, to provide voltage support, was found to be critical [26]. 

2.4.3. Effects on Long-term Electricity Prices 

Compared to many other power systems which has a day-ahead market and 

manage the balancing with ancillary services, balancing issues in the NEM will be easier 

to deal with since it has a 5-minute dispatch market. However, this also indicates that 

the market prices will be subject to higher volatility with high wholesale electricity 

prices and ancillary services costs resulting from low wind power generation. 

Therefore, it is important to investigate the impact on long-term price in markets for 

high penetration of wind power [19]. 

2.4.4. Voltage Control 

Since adding wind power to the system changes the steady-state and dynamic 

stability characteristics of the power system, new voltage support systems may be 

required. Furthermore, if wind power plants with inferior voltage support capabilities 

replace conventional generators, more support measures may be required. 
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Studies of the NEM indicate that the addition of wind power can have significant 

impacts on the availability and location of reactive power sources. In the NEM, most 

reactive power is provided through performance standard requirements placed on 

generators. A relatively small amount of voltage control services is provided by 

Network Control Ancillary Service (NCAS). Additional NCAS may be sourced if there is a 

lack of reactive power. Under these ancillary services, generators absorb or generate 

reactive power from or onto the electricity grid and control the local voltage 

accordingly. It is recommended that voltage stability studies are performed for specific 

connections and regions, appropriately considering the voltage support capabilities of 

the wind power plants, to assess whether the performance standard requirements in 

place are sufficient [23, 24]. 

2.4.5. Balancing Reserves 

The operation of a power system is largely concerned with balancing supply and 

demand at any time. The balancing of supply and demand can be broken down into a 

broad categorisation including regulation reserve (5-15 minutes), dispatch or load-

following (15-30 minutes), and short-term capacity (30’ to hours). Balancing reserve is 

highlighted in orange in Figure 2-10 below. 

 

 

Figure 2-11: Different Balancing Reserve Requirements by Time scale [19] 
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For a single wind turbine generator, its power output varies seconds to minutes 

but if many of them are aggregated, the short-term variations are smoothed out and 

the power output variations will be in the range of minutes to hours. This variation is 

typically covered by Frequency Control Ancillary Services (FCAS) in NEM or Load 

Following Ancillary Services (LFAS) in the Wholesale Electricity Market (WEM). For the 

NEM, this is less of a concern about the power system not adjusting quickly enough to 

accommodate the discrepancy between the scheduled generation and the real-time 

required output as it has a 5-minute market, where the generators can adjust their 

scheduled output closer to the actual time of dispatch. The NEM uses contingency 

services for frequency response reserves (seconds time scale), regulating services and 

network loading control for regulating reserve (5-15 minutes), and short-term capacity 

reserve for load following reserve (15-30') [23].  

In a market such as the NEM, where bidding is relatively short, at 5 minutes 

before dispatch, the real balancing concern is on the very short-term basis, particularly 

regulation reserves. It has been found, however, that wind forecast errors are the 

main factors affecting reserve, and they are larger with increasing time frame away 

from dispatch. The closer to real-time dispatch the better the forecast accuracy. 

Therefore, it is envisioned that impact on balancing in the NEM will be less 

burdensome than for some other power systems with day-ahead markets. 

2.4.6. Generation Adequacy – Capacity Value of Wind Power 

A power system to be adequate when it has sufficient generation capacity in 

long-term to cover demand during periods of low generation availability, while at the 

same time cover for critical contingencies such as the sudden loss of the largest 

generating unit delivering to the system. With the peak demand projected to grow in 

the NEM (as with many other countries in the world), generation capacity must be 

expanded. 

The uncertainty resulting from wind intermittency and long-term wind 

forecasting makes it challenging to determine how much wind power will actually be 

available and can be considered as ‘firm’ generation capacity. This can become an 

issue when wind power replaces conventional power generation, because an 

underestimation of firm wind capacity will cause an over-supply in the system, 

implying redundant investment, while an overestimation could lead to power 

shortages. To estimate generation adequacy, each power plant is assigned a capacity 
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credit, which indicates the likelihood of the generator being available when it is 

needed. 

The 2003 South Australian Study by ESIPC [28] makes a comparison of the 

capacity factor resulting from calculations based on peak load periods, an all hour 

analysis, and a summer peak hours analysis. It was found that while the average 

output from wind power is higher during the summer peak hours, it does not 

necessarily provide more power during the periods of peak load. It concludes that the 

contribution from wind generation during the peak hours of the summer months is not 

sufficiently reliable to be considered ‘firm’ supply. 

The AEMO’s report stated that in the context of the NEM, the capacity factor for 

wind power in each State is calculated by comparing the average historical wind 

generation output with its rated capacity. The ability to meet seasonal maximum 

demand is calculated from the minimum level of output available at least 85 percent of 

the time during the top 10 percent of the seasonal demands in a region. Based on 

international experiences, this conclusion should be revised as most international 

studies consider a capacity credit for wind power. It is particularly important to 

consider the whole NEM area for capacity credit calculation of wind power [19]. 

2.5. Discussion 
The NEM was designed for an electricity market where traditional generation 

such as coal, gas, and hydro can provide all electricity needs. Since then, the electricity 

industry has changed rapidly when new electricity generation technologies from 

variable renewable energy such as wind, solar and battery storage gradually replacing 

traditional generation.  

This chapter opens some key observations that are relevant in the NEM to set 

the scene to next chapters in the thesis. Firstly, the new electricity generation 

technology is transforming the electricity sector towards a low emission economy. 

During this transition, customers are driving the change by moving away from being 

passive customer to active participants in buying and selling electricity for their 

benefits. Secondly, variable renewable electricity generators such as wind and solar PV 

can be effectively integrated into the system, but at a reasonable high cost.  Due to the 

increase in variable renewable energy penetration in the NEM, the electricity prices 

have risen sustainably in the past five years.  

Thirdly, the NEM regulators and policy planners now have a once-in-a-generation 

opportunity to reform to make it more resilient to cope with the challenges caused by 
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high level of intermittent generation to improve system security and reliability, and 

ultimately better serve the Australian households. Finally, it is critical to develop an 

energy market governance to support system security, the integration of energy and 

emission reduction policy to meet electricity demand at least cost.  Within the scope of 

this thesis, it is unable to address all of these issues, but it opens an approach to 

address the problem which are presented in the following chapters.  
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3. Characteristics of Wind Power and Wind Generation in 

the NEM 

Abstract 

The Australian NEM has a great potential of large wind production especially in 

South Australia and Tasmania. Due to charactersisics of wind variation and 

intermitency, it will present challenges to power system planners and operators to 

integrate wind power into the power system. The key challenges when integrating 

large amount of wind power into the NEM have been discussed in the Chapter 2 of the 

thesis. This chapter provides an in-depth analysis of the unique wind characteristics in 

the NEM that is essential for estimation of capacity value of wind power for system 

adequacy assessment and modelling of cost-effective wind integration into the NEM 

power system. 

Key characteristics of wind capacity and wind production analysed from 31 wind 

farms across the NEM electrical market is presented in this chapter. This includes 

diurnal, seasonal and yearly wind power production patterns, wind fluctuation and 

variability, statistical correlation between wind power and load, and smoothing effects 

of large-scale of wind power in the NEM power system.   

The average wind power production in the years 2006-2013 is in the range of 700-

800MW and accounts for about 23 percent of total installed capacity. Wind production 

varies over the course of the day and is lowest in the hours before noon (from 10:00 to 

12:00) and highest around mid-night (from 22:00 to 24:00). There is also significant 

seasonal variation of wind production between winter and summer. On average, wind 

production in winter is about 15 percent higher than that in summer. August is the 

month with the highest wind production while lowest production can be observed in 

February for the period of 2006-2013. Mean wind generation was increasing overtime, 

but it does not necessarily contribute proportionally to peak demand.  

Key Words: Production patterns, Variability, Correlation, Smoothing Effects 
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3.1. Installed Wind Capacity and Penetration Level 

The NEM total installed capacity has increased dramatically by 80 percent from 

26GW in 1999 to 47GW in 2013, equivalent to an increase from 22 percent to 30 

percent of system reserve margin9 from 1999-2013 as indicated in Figure 3-1.  

Electricity consumption in the NEM is declining since it reached its highest peak in 

2009. AEMO forecasts that electricity generation will continue to decline for the next 

three years as increased residential solar panel (PV) and energy efficiency measures 

reduce grid consumption [1]. 

 

 
Figure 3-1: Installed wind capacity and electricity demand from 1999-2013 

Either energy or capacity metrics are typically used to define wind penetration 

rate. One can define wind energy penetration as the percentage of wind power 

production to gross demand. The wind capacity penetration is the percentage of wind 

capacity to peak load. In this thesis, we apply capacity penetration metric.  

It is not straightforward to determine whether a power system has high wind 

penetration level or not because we have to also consider the comparative magnitude 

of wind production to total capacity of the power system. [2] defined that low 

penetration means that total annual wind energy production is less than 5 percent of 

gross demand, while high penetration refers to more than 10 percent of wind power 

                                                             
9  A power system reserve margin is the difference between the total installed capacity and the demand (load). 
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Table 3-1: Existing and potential new development of wind projects in the NEM by 2020 

 
 

Installed wind capacity (MW) in the NEM 

NSW QLD SA TAS VIC Total 

Existing 431 0 1,329 308 1,077 3,145 
Committed10 385 0 270 0 47 702 
Publicly Announced11 4,817 1,999 3,107 1,379 3,394 14,696 

   

The information above published by AEMO includes small (or unscheduled) wind 

farms across the NEM; however, some of the wind farms do not participate in the 

central dispatch process in the NEM because electricity generated by these wind farms 

is for local consumption. AEMO does not have real-time operation data for these wind 

farms. For the purpose of analysis, this chapter analysed the operation of wind farms 

that have operational data publicly available including 31 existing wind farms with 

nameplate capacity of about 3.1 GW and 39 candidate wind farms with nameplate 

capacity of about 8.8 GW. New wind generation data used in this chapter is based on 

the 2012 National Transmission Network Development Plan (NTNDP) report published 

on the AEMO website12. 

3.2. Wind power generation characteristics in the NEM 

The key characteristics of wind power that are important from an integration 

perspective in the NEM are analysed in this section. These include diurnal and seasonal 

wind power production patterns, the variability and predictability of wind generation 

and correlation between wind generation and varying load over time. In this chapter, 

five years of historical wind and load data at 5-minute time resolution provided by 

AEMO are used to demonstrate the wind power production characteristics in the NEM. 

3.2.1. Basic statistics of the wind power production using historical 

data 

Wind power production statistics from the four states and the NEM are presented 

in Table 3-2 using wind data from 2009-2013. 

                                                             
10 Committed projects represents projects that are proceeding. 

11 Publicly announced projects represents projects are at early stage of development and require further assessment 
12 http://www.aemo.com.au/Electricity/Planning/National-Transmission-Network-Development-Plan 
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Table 3-2: Descriptive statistics of half-hourly wind power production in the NEM for the 
period 2009-2013 

2009-2013 
Single wind 
farm NSW SA TAS VIC NEM 

Mean (MW) 55.47 68.0 352.8 62.1 163 634.9 
Mean (%) 33.02 15.8 26.5 20.1 15.1 20.1 
Median (MW) 48.7 44.5 308.2 52.3 127.7 557.7 
Median (%) 29.0 10.3 23.1 16.9 11.8 17.7 
Std.Dev (MW) 43.1 69.2 252.8 53.9 151 427.8 
Std.Dev (%) 25.6 16.0 19.02 17.51 14.04 13.60 
Std.Dev(%)/mean (%) 0.78 1.02 0.72 0.87 0.92 0.67 
Min (MW)(*) -3.51 -82.12 -9.10 -6.34 -13.9 -5.35 
Max (MW) 237.4 262.8 1,091 300.54 851.6 2,390 
Max (%) 141.3 60.9 82.1 97.4 79.0 76.0 

(*) negative values due to energy consumed by wind generator exceeds its energy generated 

In this table, wind power production is presented in absolute value and percent of 

installed capacity for the period 2009-2013. The difference in wind resource between 

regions is notable. SA has an excellent wind resource with an average production of 

26.5 percent of capacity, compared with 20.2, 15.8 and 15.2 percent for TAS, NSW and 

VIC, respectively. Across the NEM, average wind power production in the years 2009-

2013 is about 20 percent. Although VIC has higher average wind power production in 

MW than TAS and NSW, its production rate as percentage of installed capacity is 

lowest because overall installed capacity is high.  

When we look at a longer period from 2009-2013, it can be seen that average 

production of wind power in all states are lower than that in 2013 alone (refer “single 

wind farm” column). It reflects the fact that in 2013, additional 13 wind farms were 

introduced to the system with a total capacity of 1.5GW that contributed significantly 

to the increase in the share of wind power. 

We can see minimum value of wind could be negative in the periods of low wind 

generation (mainly due to low wind speed), wind turbine consumes more electricity 

from the grid than what it can produce. 

As found in many other countries (e.g. Nordic region), median of wind power 

production is lower than the mean value. However, when aggregating production from 

a larger area, the median value is similar to the mean value (17.7 percent median 

against 20.2 percent mean value in the whole NEM compared to 29 percent median 

versus 33 percent mean in a single wind farm).  

The smoothing effect can be seen in the range of production, the maximum and 

minimum encountered during the years. Wind blows almost always in some part of the 
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Figure 3-10(a): Correlation between wind and load in a typical day in NSW 
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Figure 3-10(b): Correlation between wind and load in a typical day in South Australia 
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Figure 3-10(c): Correlation between wind and load in a typical day in Victoria  
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Figure 3-10 (d). Example of correlation and anti-correlation of wind and demand in Tasmania  
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In conclusion, wind is found poorly correlated with the demand across four states 

making integration of wind into the NEM grids more challenging and costly. This 

characteristic will manifest itself in our capacity credit calculations, presented in 

Chapter 4 of the thesis.  

3.2.5. Variation of Wind Power Production in the NEM 

The most obvious characteristic of wind is its variability in output over time. This is 

an important characteristic from the supply-demand balance perspective. Adding more 

wind generation to power system increases the variability of supply side which could 

be greater than the variability from the demand side. This variability will be different 

for different locations, driven by weather patterns and the topography. Wind turbine 

generators are designed to have minimum and maximum wind speeds and minimum 

temperature capabilities. Therefore, the conversion from wind speed to wind power is 

nonlinear14 and hence the variability characteristics of wind power is significantly 

different from that of wind speed [2]. 

To assess the variability of wind power, we assess the percentage of annual 

operating time when wind power output is below the Minimum Acceptance Level 

(MAL). MAL is chosen as 2 percent of the nameplate capacity of wind farm [2] when 

wind output value is very small (near zero).  All 31 wind farms operating during 2006-

2013 have produced below the MAL for between 10 and 30 percent of the annual 

operating period. Highest frequency is in the range of 15-20 percent of time as shown 

in Figures 3-11.   

                                                             
14 A practical wind turbine is designed to work between certain wind speeds (from 3.5m/s to 25 m/s). The lower 
speed, called the “cut in speed” is generally 3.5-5 m/s. At this speed the energy produced from wind is very small 
(could be smaller than the amount of energy losses in friction and electrical losses. The “rated speed” is the wind 
speed at which the particular machine achieves its maximum output. The “cut out speed” is the highest speed the 
machine can safely stands without being damaged [Pryor, 2003] 
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Figure 3-12: Insignificance of wind contribution to peak demand 

During the period 2006 - 2013, mean wind output increased; however, the 

amount of wind output contributed to the peak load varied significantly. This indicates 

that the contribution of wind output to peak demand is not necessarily proportional to 

wind output.  

3.3. Wind power curtailment in South Australia 

SA has the largest wind generation compared to other regions in terms of installed 

capacity and generation as illustrated in Figure 3-14. This region, however, experiences 

the lowest peak demand of all the NEM regions as shown in Figure 3-15. Moreover, SA 

has limited ability to export to other regions. 
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Figure 3-13: Wind Output as a Percentage of Regional Output 

 
Figure 3-14: Seasonal Peak Demand by Region 
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There is evidence of surplus of wind energy generation during low demand period 

in SA in the years of 2009-2013, and therefore wind power has been either curtailed or 

exported to other NEM regions for those periods to maintain system security and 

reliability.  

Table 3-3: Evidence of wind exceed load in South Australia in the period of 2009-2013 

2009 2010 2011 2012 2013 
Total annual MW wind exceeded 
load 517 4,408 177,220 227,229 842,610 
No of hours wind generation 
exceeded load (hr) 8.5 37 579 703 1,705 
% time wind generation exceeded 
load 0.1% 0.42% 6.61% 8.03% 19.47% 
Total annual MWh wind exceeded 
load  258 2,204 88,610 113,641 421,306 

 

Total annual MW wind exceeded load in SA increases significantly from 517MW in 

2009 to 842,610 MW in 2013, accounting for 19.5 percent of operating time. It 

indicates the need to enhance and augment transfer capacity between SA and other 

neighbouring regions in order to export all the excess wind generation at the hours of 

high wind generation but low electricity demand. 

3.4. Conclusion 

This chapter presents the unique wind power characteristics in the NEM that 

could be of interest to regulators and policy makers when developing strategies for 

incorporating higher levels of wind generation into the NEM, especially in South 

Australia.  

Amongst all the characteristics of wind power in the NEM presented in this 

chapter, the most important one is the insignificant contribution of wind generation to 

peak demand periods. It means that wind power could help increase the security of 

electricity supply (e.g reduce the dependence on fossil fuel) but not necessary reduce 

the expensive peak capacity required to meet peak load periods. The NEM power 

system must heavily rely on gas generation to meet its peak demands.  

To utilize wind resources economically, it is necessary to extend transmission 

network to allow more wind farms to be connected to the grid and to develop an 

advanced wind forecasting system that minimize the forecast errors of wind output in 
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real-time. Finally, the importance of having an appropriate regulatory framework for 

wind generators to economically access to the network  is critical.  
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4. Calculation of Capacity Value of Wind Power 

Abstract 

The calculation of wind power capacity values for risk assessment of power 

system adequacy has been the subject of significant attention in the literature.  And 

the most popular approach has been the Effective Load Carrying Capability (ELCC) 

method which allows for the consideration of key factors such as wind capacity, forced 

outage rates (F.O.R) of conventional power stations, system reliability targets, and the 

correlation between wind availability and system load.  However, comparatively little 

attention has been paid to analysing the effects of other factors such as the number of 

wind farms and installed wind capacity, the length of historic time series data on 

demand and wind resources. This chapter provides an in-depth analysis of how these 

factors influence the calculation of capacity value for the Australian National Electricity 

Market (NEM) power system using metered half-hourly wind and load data for 2006 to 

2013. The analysis incorporates periods with extreme risk events. Our results show 

that capacity values depend greatly on the design of the simulation model used, and 

highlight the importance of capturing wind and load data points relating to extremely 

high demand periods. We compare our NEM-wide estimates to recent estimates for 

the State of South Australia. 

Index Terms: capacity value of wind power, power system operation and 

planning, Effective Load Carrying Capability (ELCC), wind power, Australian NEM power 

system 

4.1. Introduction 

Calculation of the capacity value of wind power for both interconnected and island 

grids has received a lot of attention in the past decade. The fundamental concept 

behind the need to calculate capacity value of wind power is that electricity demand 

could not be predicted with a high level of certainty when in fact electric power 

systems are required to have sufficient capacity (system adequacy) to meet customer 

demand instantaneously. As wind power penetration increases and gradually replaces 
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conventional power generation, it is necessary to estimate its contribution to system 

adequacy. Wind’s contribution to system adequacy expressed in equivalent-thermal 

capacity is its capacity value or capacity credit. 

 

Determination of this capacity credit is challenging because of wind intermittency 

and the difficulty of forecasting long-term wind availability. Underestimation of wind 

power capacity value will cause an over-supply of costly capacity reserve while 

overestimation of firm-equivalent wind capacity could lead to power shortages. 

Besides, generation adequacy risk assessment is mainly based on the high demand 

periods; therefore, the primary focus of wind capacity value estimation is contributions 

during peak and extreme peak demand periods [1]. An approach that is widely used to 

quantify the contribution of wind generation to peak demand is the Effective Load 

Carrying Capability (ELCC) method [2] in which coincident historic time series for 

demand and available wind capacity are used directly in the risk calculation [3]. While 

this is a preferred method, it requires significant amount of historical wind and 

demand data which might not always be available. This becomes even more difficult 

when one attempts to assess wind contribution to extreme high demand periods 

because these events occur very rarely and records of these events could be 

inhomogeneous. In the case of the Australian NEM, for example, extreme peak 

demand events have occurred only over a handful number of days during the 15 years 

since the NEM was established in 1999. We therefore analyse the effect of this 

extreme high demand event on wind capacity value in the NEM. Key factors that drive 

the capacity value results will also be analysed in this chapter.  

 

Capacity value depends on a number of factors that can be categorised in two 

groups. The first is the set of “inherent factors” that characterise wind generation and 

load features. These factors have been discussed widely [4-9] and include wind 

capacity factor, forced outage rate of conventional power stations (F.O.R), target 

system reliability level, and the general correlation between wind and load. The 

second group is a set of “subjective factors” and relates to the choice of calculation 

structure. These include the number of wind farms and installed wind capacity 
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considered, the length of available historic time series that are used directly in the 

calculation, and the type of wind and load data inputs used in the simulation. The last 

factor refers to whether one uses the actual “historical sequencing” in which wind 

farms joined the grid or uses a “controlled interval” of time width providing a 

consistent wind capacity and load data for the simulation. The “historical sequencing” 

and “controlled interval” approaches are not well-defined in the literature; we 

describe the approaches with more detail in Section 4.4.1.  

Although the “subjective factors” play a crucial role in the calculation of capacity 

value, they have received little attention in the literature. Addressing this research gap 

is a central theme of this study. It attempts to examine their effects on the estimation 

of wind power capacity values. In Australia, there are limited studies estimating 

capacity value of wind. Haslett and Diesendorf [10] used a numerical probabilistic 

model to investigate capacity value of wind power in Western Australia in 1978. This 

study provided an important analytical evaluation that considered correlation between 

wind and load. However, the study used data from Western Australia only. Moreover, 

the investigation was conducted more than 30 years ago and the data are not 

representative of recent or current wind power penetration levels. More recently, the 

Australian Energy Market Operator (AEMO) has published a report on wind 

contributions to peak demand in South Australia using historical wind and load data 

between 2008-2009 and 2013-2014 [11]. Like the first study, it focuses only on one 

State (with particularly high wind penetration) and may not be representative to the 

entire NEM.  

 

In this chapter, we focus on the Australian NEM power system as a case study 

covering all five eastern States, namely, New South Wales (NSW), Queensland (QLD), 

Victoria (VIC), South Australia (SA) and Tasmania (TAS).  At present, the NEM system 

has more than 270 generators with system capacity of about 50GW, among which 31 

are onshore wind generators with a total nameplate capacity of 3.1GW. 

 

The Institute of Electrical and Electronics Engineers (IEEE) Power and Energy 

Society Task Force on Capacity Value of Wind Generation [12] recommends that 
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multiple years of data should be used because wind power production varies from year 

to year, and calculations based on one or a few years might not be representative. [13] 

suggests that at least four to five years of data are necessary for reliable assessment of 

capacity value. On the other hand, findings by [3] show that even 25 years of data may 

not guarantee a robust estimation of wind capacity value because the frequency of 

extreme peak demand occurrences is very small. There is no simple rule of thumb to 

determine a reasonable length for the time series of wind and load data which should 

be used. The requirements depend on the power system under investigation as each 

system has its own unique wind and load patterns and also implications of the 

correlation between these patterns for meeting extreme peak demand periods. In this 

chapter, we explore the effect of three “subjective factors”: the length of the time 

window or data series considered; the type of modelling approach (historical 

sequencing or controlled interval); and the number of wind farms and installed wind 

capacity on the estimation of capacity value. We simulate eleven scenarios 

sequentially changing one factor in each scenario while holding the other to constant.  

 

The chapter is organised into five sections. Section 4.2 provides a graphical 

illustration of the method used in calculation of capacity value. The section also 

presents the eleven simulation scenarios developed to analyse the key factors 

influencing capacity value calculations. The features of the NEM power system, 

including its wind and load characteristics and data on extreme peak demands, are 

described in Section 4.3.  The results of the capacity value calculation are presented 

and discussed in Section 4.4. The chapter concludes in Section 4.5.  

4.2. Capacity Value Calculation Method 

4.2.1. Capacity Value Metrics 

The two most widely used capacity value metrics are Effective Load Carrying 

Capability (ELCC) and Equivalent Firm Capacity (EFC). ELCC is the additional load that 

the new wind generation can support without increasing the value of a chosen risk 

index. EFC is a measure of the size of the equivalent reliable capacity that would give 
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the same risk level. Defining variables C, A, L as, respectively, total installed 

conventional generating capacity, available conventional capacity at a given time due 

to planned and unplanned forced outages, and demand (load) at a given time. The Loss 

of Load Probability (LOLP), denoted by P0, is the fraction of time (or probability) that 

available conventional capacity A falls below the load L 

 

                          P0=Pr(A<L)                                                                                (1) 

 

As a planning criterion, a typical value of P0 is in the range of 10-3 to 10-5 [6]. If a 

certain amount of hypothetical firm capacity CF is added to the grid, then LOLP is 

reduced to PF, where 

                                              PF =Pr (A+CF <L)                                                                      (2) 

 

Similarly, if wind available capacity at any time W (rated capacity Wr) is added to 

the grid, then LOLP becomes  

                                               PW =Pr (A+W<L)                                                                     (3) 

If capacity value is measured using ELCC, then 

                                             P0 = Pr (A+W <L + ELCC)          (4) 

ELCC is the amount by which the load may be increased due to additional wind 

capacity while the original LOLP of P0 is maintained.  

If capacity value is defined using the EFC criterion, then EFC is the value of CF 

obtained by equating PF and PW from equation (2) and (3). CF equals a coefficient α 

multiplied by available wind capacity W, where α is usually greater than 1.0. 

                                                      CF = αW                                                                           (5) 

The capacity value metric should be chosen to facilitate the objective of a 

particular calculation; however, ELCC and EFC are closely related mathematically, and 

results and techniques applicable to one may easily be transferred to the other [14]. 
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4.2.2. Preferred ELCC-based Calculation Method 

We chose the ELCC-based method to calculate capacity value of wind power 

because it is the method recommended by the IEEE Power and Energy Society Task 

Force on Capacity Value of Wind Generation [12]. ELCC is measured using Loss of Load 

Expectation (LOLE) that is the expected number of hours or days, during which the 

load will not be met. LOLE can be calculated through direct use of historic demand and 

wind time series. This method automatically incorporates the available statistical 

information on the relationship between wind availability and demand and it is the 

most relevant method for assessing system risk as it relates supply to demand during 

the hours of very high peak demand [12,15].  

The risk index used in LOLE is defined as 

 

                                                  [LOLE] =                                                                         (6) 

 

where the Loss of Load Probability for period t (LOLPt) is defined as the 

probability that the available generation in period t is less than demand. The periods 

considered may be half-hours, hours or days. The results of LOLE calculations based on 

different period lengths are not directly comparable; for example hourly LOLE would 

count a consecutive 3 hour shortage as 3 hours, whereas daily LOLE would effectively 

count it as one day. Detailed application of this method is discussed in section 4.2.3 

and 4.2.4.  

4.2.3. Graphical Illustration of ELCC-based Method 

Descriptions of the method have been provided mainly using computer 

algorithms [13,16] mathematical models [14,17] or plain text descriptions [8,12]. 

Below, we provide graphical illustrations using real wind and load data recorded on 30-

minute intervals in the NEM.  

 

The three graphs below (Figure 4.1-3) represent three sequencing steps in 

obtaining ELCC value. In the first graph, two curves and one straight line have been 
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plotted in chronological order of a defined time period (e.g. hours per year or multiple 

years). “Available capacity” is the predetermined target system reliability of 95 percent 

-99 percent 15 applied in the NEM over the long-term and is represented by the 

straight line. The load and wind power production curves represent fluctuation of 

electricity demand against available wind generation over time. The hours of excess 

load, over and above available capacity, is the LOLE1 which is the number of hours that 

load is unserved due to capacity deficit. In this example, LOLE1 equals the 12 hours 

marked by the oval. 
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Figure 4-1: Capacity deficit without wind power (LOLE=12hrs) 

 

                                                             

15 Reliability of a power system refers to the probability of its satisfactory operation over the 
long run. It denotes the ability to supply adequate electric service on a nearly continuous basis, with few 
interruptions over an extended time period [18]. This paper, targets 95-99 per cent of the hours served 
for the power system functioning adequately  

 

LOLE1 =12hrs 
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Figure 4-2: Capacity deficit with wind power (LOLE=2.5hrs) 
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Figure 4-3: Capacity value of wind power is ELCC that returns LOLE to 12 hrs 

 

  In the second graph, wind output is treated as negative load, and then it is removed 

from the load time series resulting in the net load curve (load minus wind power) that 

is depicted in Figure 4-2. In the same manner as Figure 4-1, the LOLE2 is calculated as 

the total number of hours where load is unserved (Figure 4-2). LOLE2 is now lower 

(equals to 2.5 hours in our example) than the target LOLE1 in step 1. Finally, the third 

graph presents a required increase in the amount of load over time series that makes 

LOLE2 equal to target LOLE1. This amount of load increase to maintain target reliability 

level is called the ELCC. It is alternatively known as capacity value or capacity credit of 

LOLE2 = LOLE1 = 12.5hrs 

LOLE2=2.5hrs 
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wind (Figure 4-3).  Capacity value of wind can be presented in absolute terms (MW) or 

as a percentage of installed wind capacity.  

 

In the case of the NEM power system, half-hourly metered wind and load data in 

the period of 2006-2013 is available, and hence we use directly in the calculation 

representing the geographical dispersion of the historic wind fleet for the years being 

studied. To provide a meaningful comparison of capacity value results, we scale ELCC 

value according to the wind capacity installed for the years considered in the analysis. 

4.2.4. Simulation Scenarios 

a. Historical sequencing (HS) and controlled interval (CI) simulation data  
 

A few studies have conducted capacity value assessments but do not clearly 

explain how wind and load data series were constructed in their models [5, 8, 18, 19, 

20]. Therefore, in this section, we first describe the two types of modelling approaches 

with regard to the wind and load time series data used. We then apply both 

approaches in our simulations for capacity value estimation.  

 

  First, we separate two types of modelling approaches: historical sequencing 

(HS) and controlled interval (CI). The HS approach covers wind and load time series 

data reflecting the actual historical sequence in which the wind farms joined the grid. 

That is, the modelling relies on the complete historical load data without truncation. 

This, however, means that the number of wind farms operating at different points in 

time will be different and it typically requires long-period of data (e.g. over 5-10 years). 

This issue is addressed in the CI approach, which controls the width and location of the 

time window explored so that the number of wind farms is constant within that time 

window or interval. Multiple years of historical wind and load data are ideal for 

calculating capacity value in the ELCC method; however, they are not always available 

in every power system. Therefore, we examine whether the CI approach covering a 

relatively short period with controlled capacity can still provide a meaningful capacity 

value for systems that have limited wind and load data availability.  
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Figure 4-4: Illustration of “historical sequencing” and “controlled interval” of wind and 
load time series data 

Figure 4-4. provides examples of the two types of modelling approaches with 

illustrative wind and load data series associated with each approach.  Suppose we have 

wind and load data of a power system from year 1 to year t, in which four wind farms 

(WF1-WF4) joined the grid at different points in time. Suppose at the beginning of year 

1, wind farm 1 (WF1) joined the grid; suppose further that wind farms 2 and 3 (WF2, 

WF3) joined the grid in late in the first year and that wind farm 4 (WF4) joined the grid 

in the middle of the second year. To construct a historical wind and load data series, 

we can either consider long-term correlation of wind and load from year 1 to year t 

(short-dash block that we called “historical sequencing”), or we could take the 

controlled interval approach and focus only on a shorter controlled time interval or 

even a single year (long-dash block). Each approach has its pros and cons. HS type of 

data is useful if the aim is to investigate the long-term correlation of wind and load. HS 

is also likely to produce more reliable capacity value estimates because it utilises a 

longer data series. However, using HS type data requires scaling wind data and 

interpreting the results carefully because the number of wind farms varies through the 

period and is smaller at the start of the period than at the end when the power system 

is likely to be more developed and mature at the end.  

The CI type of data, on the other hand, can be applied where long-term historical 

wind and load data is not available. The CI type of data is also useful when assessing 
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the immediate physical impact of new wind farms joining the grid on a power system.  

In the example provided above, one could construct CI data for the two years (1-2) in 

which WF 2 & 3 joined the grid (see Figure 4-4). In our simulation model, we construct 

different CI time intervals to capture the different stages of the NEM system. For 

example, one of the years (2009) is selected because it is the year where the highest 

load occurred. Another year (2013) was selected because all 31 wind farms were fully 

operating by then. A window 3-4 years long (2009-2013) was used because it 

represents the latest development stage of the NEM power system. 

The choice of either HS or CI time series data plays an important role in shaping the 

capacity value of wind power.  HS type of data is applicable if past conditions affect 

present conditions. The CI type of data, on the other hand, assumes historical 

conditions have insignificant or zero effect on present conditions. Figure 4.5 provides 

actual historical schedule for the 31 wind farms that joined the NEM grid since 

December 2005 and examples of two HS and two CI scenarios used in our calculation.  
 

 

Figure 4-5: Examples of HS and CI Scenarios 
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b. Simulation Scenarios 

 

We develop the eleven different simulation scenarios to examine the effect of the 

following three key subjective factors on the capacity value of wind power:  

a) the modelling approach: HS or CI;  

b) the number of wind farms and installed wind capacity considered in the 

simulation model; and  

c) the length of historical time series (e.g. multiple years or a single year) included in 

the simulation model. 

 

Eleven simulation scenarios are analysed using similar reliability standards (between 

95 percent to 99 percent). The first six simulation models are HS-based models while 

the last five models are CI-based simulation. Each wind generator connects to the NEM 

network at different stages, but the earliest wind power generation data obtained 

from the AEMO is in mid-December 2005, therefore our time array in simulation 

models starts in January 2006 till December 2013. The longest HS data arrays span 

from January 2006 to December 2013 covering 8 years while the longest CI data arrays 

cover only four and half years (from July 2009 to December 2013). The shortest data 

array for both HS and CI is one year (2009 or 2013). The nine scenarios refer to 

different period lengths and number of joining wind farms, with two of the periods 

covering only single years (2009 and 2013). The reason we single out these two is 

because of record of extreme peak demand events that occurred in January 2009 and 

because 2013 is the most recent year that covers the full operation of 31 wind farms. 

Table 4-1 provides details of the eleven simulations considered, each simulation is 

characterised by its ID (for example: HS-18-1 means simulation covers historical 

sequencing type of data for 18 wind farms in one year). 

Table 4-1: Eleven Simulation Scenarios Considered 

Simulation 
No 

Simulation 
ID 

Approach 

 
No. of years  

 
Period No. of 

wind 
farms 

Installed wind 
capacity (MW) 

1 HS-18-1 HS 1 Jan 09-Dec 09 18 1,617 
2 HS-18-3 HS 3 Jan 09-Dec 11 18 1,617 
3 HS-25-3 HS 3 Jan 09-Dec 11 25 2,114 
4 HS-25-8 HS 8 Jan 06-Dec 13 25 2,114 
5 HS-31-8 HS 8 Jan 06-Dec 13 31 3,145 
6 HS-31-4 HS 4 Jan 10-Dec 13 31 3,145 
7 CI-12-1 CI 1 Jan 09-Dec 09 12 963 
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Simulation 
No 

Simulation 
ID 

Approach 

 
No. of years  

 
Period No. of 

wind 
farms 

Installed wind 
capacity (MW) 

8 CI-12-4 CI 4 Jul 09-Jul 13 12 963 
9 CI-18-4 CI 4 Jul 09-Jul 13 18 1,617 
10 CI-18-3 CI 3 Aug 10-Aug 13 18 1,617 
11 CI-21-3 CI 3 Aug 10-Aug 13 21 1,899 

In Table 4-1, the first six simulations used Historical Sequencing (HS) approach and 

last five simulations all used the Controlled Interval (CI) approach.  

 

Capacity value estimates can be compared between adjacent scenarios according to 

the sequencing shown in Table 4-1. Only one subjective factor is varied between 

adjacent rows. Thus, we first compare results from simulation 1 (HS-18-1) and 

simulation 2 (HS-18-3) which differ only in the number of years covered but have the 

same simulation approach (HS) and include the same number of wind farms (18). This 

comparison evaluates the effect of variation in the time window. The next pair 

compared, simulation 2 (HS-18-3) and simulation 3 (HS-25-3), differ only in the number 

of wind farms (18 versus 25) as do simulations 4 and 5. The comparison between 

simulations 3 and 4, and between 5 and 6, focuses on the effect of the time interval. 

The story with the CI approach is similar, adjacent simulations vary in only one 

subjective factor.  

 

Eleven simulations contain various time length and installed wind capacity due to 

simulation design; therefore, to make the results comparable, we standardize the 

results by consistently scale-up wind capacity values as percentages of installed wind 

capacity at 20 percent wind penetration level16 while keeping all other parameters 

unchanged. Results of capacity value from eleven scenarios are then compared at this 

penetration level. The chosen 20 percent wind penetration level is based on the 

nation-wide Large-scale Renewable Energy Target (LRET) scheme, aiming at least 20 

percent of electricity being produced from renewables by 2020 [21].    

                                                             
16 There are two metrics are usually used to define wind capacity penetration: capacity or energy 

penetration. Capacity penetration is a ratio of installed wind capacity and total installed capacity. Energy 
penetration is a ratio of annual wind energy and annual total energy demand. In this chapter, we followed 
the literature [5, 22] to define capacity penetration as a ratio of installed wind capacity and peak load. The 
reason we apply this metric is because we aim to remove the component of reserve capacity in the total 
installed capacity. For those power systems that have high reserve capacity margin like NEM (33% of 
total installed capacity in 2013), it is necessary to remove this component to accurately reflect the real 
wind capacity penetration.  
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4.3. The Australian NEM Power System  

4.3.1. Installed Wind Capacity and Grid Connection Schedule 

Australia in common with many other countries is facing a potential dramatic 

increase in wind energy production. At the end of 2013, there were more than 1,000 

wind turbines spread across 31 operating wind farms in the NEM with total scheduled 

and semi-scheduled generating capacity of about 3.1GW [22]. In term of wind energy 

production, nearly 8,000 GWh of electricity has been produced, accounting for 4.1 

percent of the NEM’s overall electricity generation in 2013.  The 31 wind farms 

considered in our study are located in four States including NSW, VIC, SA and TAS. 

Queensland has had one small wind farm with installed capacity of 12MW since 2000; 

but we don’t include that farm in our analysis because it is not recorded in the NEM 

central dispatch system. 

 

Table 4-2 presents the wind generators that have joined the NEM since 2006, 

including their IDs, locations, nameplate capacities and commencement dates. SA had 

the highest number of wind generators (thirteen generators with installed capacity of 

1,300MW), followed by VIC (eight generators with 1,077MW), NSW (five generators 

with 431MW) and TAS (two generators with 308MW). 

Table 4-2: Wind Generators in the Australian NEM 

No 

Wind 

generator ID Region 

Capacity 

(MW) 

Commission 

date No 

Wind 

generator ID Region 

Capacity 

(MW) 

Commission 

date 

1 WOOLNTH1 TAS 140 Dec-05 16 CULLRGWF NSW 30 May-09 

2 LKBONNY1 SA 80.5 Dec-05 17 CAPTL_WF NSW 140 Jun-09 

3 WPWF SA 90.75 Jan-06 18 PORTWF VIC 164 Jul-09 

4 CATHROCK SA 66 Jan-06 19 LKBONNY3 SA 39 Jul-10 

5 MTMILLAR SA 70 Jan-06 20 NBHWF1 SA 132.3 Jul-10 

6 CHALLHWF VIC 53 Feb-06 21 WATERLWF SA 111 Aug-10 

7 YAMBUKWF VIC 30 Feb-06 22 GUNNING1 NSW 47 Mar-11 

8 CNUNDAWF SA 46 Feb-06 23 WOODLWN1 NSW 48 May-11 

9 STARHLWF SA 34.5 Feb-06 24 BLUFF1 SA 52.5 Jul-11 

10 LKBONNY2 SA 159 May-07 25 OAKLAND1 VIC 67 Aug-11 

11 HALLWF1 SA 94.5 Dec-07 26 MACARTH1 VIC 420 Aug-12 

12 SNOWTWN1 SA 99 Feb-08 27 MLWF1 VIC 20 Nov-12 

13 WAUBRAWF VIC 192 Mar-09 28 MUSSELR1 TAS 168 Mar-13 
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No 

Wind 

generator ID Region 

Capacity 

(MW) 

Commission 

date No 

Wind 

generator ID Region 

Capacity 

(MW) 

Commission 

date 

14 CLEMGPWF SA 57 Apr-09 29 SNOWSTH1 SA 126 Sep-13 

15 HALLWF2 SA 71.4 May-09 30 MERCER01 VIC 131 Oct-13 

31 GULLRWF1 NSW 166 Nov-13 

4.3.2. Wind and Load Characteristics 

Half-hourly wind and load data series covering 31 wind generators were available 

across the years from 2006 to 2013. Figure 4-6 shows the normalised diurnal mean 

wind and load over the past eight years in the NEM. Insignificant correlation between 

wind availability and electricity demand in the NEM is recognised in this graph.  Peak 

daily electricity demand is from 6:00 to 9:00 pm whereas highest wind production 

occurs between 10:00 pm and 2:00 am. This characteristic feature of the NEM is 

important in the determination of the capacity value for wind power.   
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Figure 4-6: Normalised mean wind and load in 2006-2013 using real half-hourly time 
resolution 
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Figure 4-7: Wind contribution to 85 to100 percentile of peak demand in 2006-2013 

 

Figure 4-7 plots the wind power generation against the top 85-100 percentile of 

peak load in the years of 2006-2013 to show how statistically wind availability 

contributes to peak demand. In the top 85 percentile of peak demand, wind 

generation contributes mostly from zero to less than 1,000 MW, accounting for about 

30 percent of full capacity. In the top 95-100 percent of peak demand, wind power 

production contributes from zero to 500 MW (or 16 percent of installed capacity). 

Mean wind output contribution to peak demand varies from 300 to 600 MW, 

representing 10-17% of full load capacity.   

4.3.3. Data of Extreme Peak Demands  

In assessing the robustness of a calculation’s results, it is necessary to consider the 

volume of statistical information on the wind availability at times of high demand 

because contribution of wind during these periods determines the generation 

adequacy risk assessment. It is more difficult to assess power system adequacy under 

extreme conditions as extreme high demand occurs infrequently. For this purpose, an 

extreme peak demand is defined as one exceeding 99 percent of average peak demand 

and the average peak demand value is determined by averaging peak demand in 

summer and winter under normal weather condition. Average peak demand value in 
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this case is driven by economic and demographic factors (e.g. population growth, GDP 

growth, technology use, etc.). The focus on average peak demand helps us to remove 

the effect of “ad hoc” weather fluctuations on peak demand. In the case of NEM, the 

average peak demand of 33,800 MW observed in the 2006-2013 period is used as a 

benchmark. Table 4-3 summarises the data on extreme demands exceeding 33,800 

MW in the past 15 years of operation [23]. There were only 9 days where the 99 

percent average peak threshold was exceeded. Moreover, these days occurred in five 

distinct periods and in two particular months, January and February (2009 and 2011). 

Table 4-3: Periods with Demands Above 99% of Average Peak in Period of 2006-2013 

Period 
No of 

days No of hours 

28-30 Jan 2009 3 20.5 

5-6 Feb 2009 2 6.5 

11 Jan 2011 1 0.5 

31 Jan 2011 1 6.5 

1-2 Feb 2011 2 11 

The high demand event for January 2009 was due to extreme hot weather leading 

to the increased utilisation of cooling loads while the supply problem was exacerbated 

by capacity reductions of both generators and transmission elements. Generation and 

transmission elements also experience higher probability of failure during periods of 

high ambient temperature. During the 29–30 January 2009, more than 800 MW of load 

was shed in Victoria and South Australia because of supply shortfall [24]. Similarly in 

2011, high temperature (above 40C degree) across the middle of Australia drove 

unusual high demand especially in South Australia and New South Wales, coincident 

with a reduction in output in a power station in Victoria, leading to the second highest 

demand in the NEM-wide history only after the heatwave of January 2009. 

 

These extreme weather conditions and unusually high demand events are low 

probability events; but they can still reoccur in the future and need to be considered in 

the analysis. Moreover, as can be seen in the next section, extreme weather conditions 

and peak demands have significant influence on the capacity value of wind power.  
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4.4. Results 

4.4.1. Capacity Value of Wind Power  

Table 4-4 presents the results from the capacity value calculation in absolute 

terms (MW) for all the eleven simulation scenarios at 20 percent wind penetration; the 

results are presented in  percentage terms in Figure 4-8 (a-g). Wind penetration level is 

measured as a ratio between nameplate wind capacity and peak demand [5,8]. The 

capacity values in all scenarios are measured at 95 percent to 99 percent system 

reliability target.  

Table 4-4: Results of Capacity Value of Wind Power at 95% to 99% System Reliability 

Scaled Up at 20% Wind Penetration Level 

 
 
 
Sim. 
No. 

 
 
 
Sim. ID 

 
Approach 

 
 
No. of 
years  

 
 
 
Period  

 
 
No. of 
wind 
farms 

 
Wind 
installed 
capacity 
(MW) 

 
 
Capacity 
value (MW) 

 
Capacity 
value  
(% of wind 
penetration) 

Mean 
wind 
capacity 
factor 
(%) 

1 HS-18-1 HS 1 Jan 09-Dec 09 18 1,617 260-296 7.4 -7.9 30.9 
2 HS-18-3 HS 3 Jan 09-Dec 11 18 1,617 260-296 7.4 -7.9 31.2 
3 HS-25-3 HS 3 Jan 09-Dec 11 25 2,114 260-296 7.4 -7.9 31.3 
4 HS-25-8 HS 8 Jan 06-Dec 13 25 2,114 260-296 7.4 -7.9 30.9 
5 HS-31-8 HS 8 Jan 06-Dec 13 31 3,145 260-296 7.4 -7.9 30.6 
6 HS-31-4 HS 4 Jan 10-Dec 13 31 3,145 418-474 7.5 - 8.2 32.5 
7 CI-12-1 CI 1 Jan 09-Dec 09 12 963 260-296 7.4 -7.9 30.8 
8 CI-12-4 CI 4 Jul 09-Jul 13 12 963 310-338 16.7-17.3 31.3 
9 CI-18-4 CI 4 Jul 09-Jul 13 18 1,617 348-418 18.2-20.9 32.7 
10 CI-18-3 CI 3 Aug 10-Aug 13 18 1,617 390-430 18.9-21.5 32.5 
11 CI-21-3 CI 3 Aug 10-Aug 13 21 1,899 425-501 19.0-23.6 33.5 

 

In general, capacity values vary, depending on the design of simulation models. 

These value are affected by three factors considered, namely, type of wind and load 

time series data (HS or CI), number of wind farms and installed capacity, and number 

of years considered in the simulation models. In absolute terms, capacity values vary 

from 260MW to 501MW. That means out of the 3,145MW of wind installed, wind 

power generation contributes to peak demand between 260MW and 501MW, 

representing the amount of firm capacity or equivalent thermal capacity could be 

displaced by wind power. Mean capacity factors lie in the range of 30 percent to 34 

percent, i.e. overall, wind output accounts for 30% to 34% of its potential output at its 

nameplate capacity.  
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power. This highlights the strong effect of extreme weather condition on the capacity 

value calculation.  In the case of NEM wind capacity value is driven by the timing of 

high system risk events similar to the extreme demand event that occurred in January 

2009 while wind availability was low. Higher wind generation output contribution 

during high-risk periods leads to higher capacity value estimates (as in the results from 

simulation 6, 8, 9, 10 and 11) while low wind contribution during such periods results 

in low capacity value estimates (results of simulation 1, 2, 3, 4, 5 and 7).  

Furthermore, capacity values for wind vary by location (geography) and time. 

Our wind capacity value estimates are lower (accounting for 7 percent to 9 percent 

installed wind capacity) compared to the capacity estimates for South Australia 

published by AEMO [11]. AEMO used statistical analysis in its capacity value 

assessment and estimated that wind generation contributes at least 20 percent and 25 

percent of its installed capacity for 50 percent of time during summer and winter, 

respectively. It should be noted here that South Australia has the largest installed wind 

capacity and wind generation in the entire NEM whereas electricity demand is lower in 

the State than NSW, QLD and VIC. 

Finally, physical weather properties in Australia have a strong impact on 

electricity demand and wind generation that lead to variations in wind capacity value. 

Our finding is consistent with the “low wind cold snap” event in Great Britain where 

electricity demand is found to be extremely high over some winter days with low wind 

availability [25]. Other factors that could complicate capacity value estimation include 

the gradual development of power system and a changing climate.   

4.5. Conclusion 

This chapter presents a comparison of capacity value of wind power using an ELCC-

based method for eleven alternative simulation scenarios. Our results show that 

subjective factors can affect capacity value estimates. The choice of a simulation 

approach (historical sequencing or controlled interval), the number of wind farms and 

installed wind capacity, as well as the time interval for the wind and load data series all 

have significant impacts on capacity value results. Therefore, caution needs to be 

taken in interpreting and generalizing capacity value estimates because of the 

sensitivity of these estimates to factors determined by the researcher’s approach. 
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Particularly for power systems that are vulnerable to extreme high temperature 

events, capturing wind and load data points from high-risk periods in the calculation of 

capacity values is important for informed policy design. In the case of the Australian 

NEM power system, where extreme peak demand periods occurred in nine days over 

the last 15 years, capturing these unusual periods is critical for providing meaningful 

results. Capacity values are pushed down by the insignificance of wind power 

contribution to the super peak demand events from January 2009. The simulations 

incorporating such extreme events suggest that the capacity value of wind is in the 

range of 260 to 296 MW (7 percent -9 percent). For scenarios excluding the extreme 

events of Jan 2009, we find that the capacity estimates are higher (above 300 MW). 

The estimates for the most recent periods simulated (August 2010 to August 2013), we 

find the capacity value estimates are much higher (ranging between just under 400 

and 500 MW). 

The ELCC-based method we have used is a preferred method but it requires 

intensive wind and demand data that can be difficult to obtain but are crucial to 

capturing the extreme events that are critical to the robustness of the calculation. 

Moreover, with the gradual evolution of the power system, and the unpredictable 

weather conditions and evolving demand behaviours, capacity value estimates should 

not be taken as definite contribution values. They should be regarded as indicative 

figures that aid policy making and investment decisions for electrical power systems.  
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5. Estimation of Costs and Benefits of Integration of Wind 

Power in the NEM 

Abstract  

 

This chapter provided an indicative estimate of integration costs of introducing a 

projected 12 GW of wind power into the NEM power system by 2020. The three 

components of integration costs are adequacy costs due to wind variability, balancing 

costs due to wind uncertainty, and grid-related costs due to wind’s location specificity.  

This thesis estimated wind integration costs imposed on the NEM ranges from 

AU$5.5/MWh to AU$6.2/MWh if additional of 12GW of wind power is introduced into 

the NEM power system by 2020. The policy makers need to weigh the benefits and 

additional costs of having more wind power in the power system.  

It is suggested that the objective of minimizing total system costs requires 

appropriate pricing signals such that wind power generators internalize the additional 

costs they impose on the remainder of the power system. In the absence of some form 

of cost attribution mechanism, there can be no expectation that investors in wind 

power will adopt the advanced technologies or apply other measures to minimize the 

effects they impose on the overall power system.  

Keywords: Grid integration cost, wind power, balancing cost, capacity costs, 

transmission cost, electrical power planning 
 

5.1. Introduction 

Australia in common with many other countries is facing a potential dramatic 

increase in wind energy production. At the end of 2015, there were more than 2,000 

wind turbines spread across 76 operating wind farms in Australia with a combined 

capacity of 4,187 MW account for one third of the country’s clean energy and about 5 

per cent of total electricity generation [1].  
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Since 2011, the Australian federal government committed to achieving at least 

20 percent of total electricity generation from renewable sources by 2020 under the 

Renewable Energy Target (RET) scheme. This is equivalent to 41,000 gigawatt-hours 

of electricity being produced from renewables [2] with wind power constituting the 

largest proportion. Given this context AEMO forecasts an additional 8.8 GW of new 

wind power generation is expected to be connected to the NEM power system by 

2020, raising the installed wind generation capacity from 4.1 GW to about 12 GW, 

representing approximately 32 percent of wind capacity penetration in the NEM 

electrical power system.  

Integrating significant amounts of wind generation presents challenges to the 

NEM power system because wind is inherently variable, difficult to accurately predict, 

and statistically frequently less correlated with load. When wind is blowing, wind 

power plants provide additional reserves to a system, but only to the extent of their 

capacity value. When wind is not blowing, the system must rely entirely on 

synchronous generation to meet the system demand. Moreover, introducing more 

wind power into a power system increases the amount of variability and uncertainty 

of the net load that may require more operating reserves for regulation, ramping and 

load-following in real time and short-term, and increasing additional thermal 

generation capacity in long-term [3].  

When assessing system adequacy or security of supply, power system planners 

must take the variability of wind power into account and must be aware that wind 

generation has a lower likelihood of being available at times of peak demand 

compared to “conventional” thermal plant. This raises concerns about the additional 

system costs to maintain system reliability at desired levels. 

It is widely recognised that there are three types of extra costs that will be 

imposed on the power systems when more wind power is introduced:  

a) The additional costs to carry extra conventional generation capacity to 

deliver long term security of supply; 

b) The additional operating reserves required to manage wind power 

intermittency in real time; and 

c) The grid agumentation and extensions costs to better transport wind power 

from generation sides to load centres. Importantly, integration costs increase 

disproportionately as the share of wind power generation increases.  
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Estimation of integration costs differ across power systems, and NEM has the 

potential for higher integration costs than other power systems. This is because, 

firstly, NEM is highly dominated by coal generation. Secondly, NEM is less densely 

interconnected between regions. According to the most recent National Transmission 

Network Development Plan (NTNDP), the share of wind power generation is expected 

around 5.7 per cent of NEM generation in 2017. On that basis, the integration costs of 

wind power are projected to increase accordingly. However, the current NEM 

regulatory framework does not allocate integration costs to intermittent generators 

on the basis of causality.  

As of February 2017, AEMO reported installed wind power generation capacity 

was 3,830 MW, of which 1,595 MW is located in South Australia. The trend to 

dominant investment in intermittent generation technologies in the NEM such as 

wind and solar may impose a large burden on the system. It is a reflection of the lack 

of a causer pay attribution mechanism. Investors in large-scale intermittent 

generation projects such as wind generators do not have an obligation to internalise 

the costs they impose on the remainder of the power system and eventually on 

consumers. Wind power generators, therefore, have no incentive to minimise their 

impacts on the power systems by deploying technologies such as the incorporation of 

battery storage or invest in the latest wind technologies [4].  

In future, allocating at least some share of wind integration costs to the wind 

power generators will be fundamental to incentivising efficient investment and 

ensuring that the overall system costs in the NEM are minimised, in the interests of 

consumers.  

This chapter is structured in five sections. Section 5.2 summarises the 

methodology and results of integration costs of wind power in the literature while 

highlighting the contribution of this chapter. Section 5.3 discusses the need to 

incorporate net grid integration costs into the generation costs. Finally, section 5.4 

discusses the implication of internalization of integration costs to achieve optimal 

social welfare for the NEM, and the conclusion is in section 5.5.  
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5.2. Integration Costs and Benefits of Wind Power to Power 
Systems: International Experiences 

In the past ten years, there have been many wind integration studies conducted 

across countries to estimate integration costs of wind power and they form an 

important part of the international knowledge in integration costs of wind power. 

Many of the wind integration studies have focused more on the operational and 

economic effects on the power systems than the technical effects whereas in Australia 

the technical aspects of wind power have been the focus of most recent wind 

integration studies. 

The integration of wind power into national or regional power system, however, 

has mainly been studied on a theoretical basis, as wind power penetration in practice 

is still at a rather low levels, even though the average annual wind power penetration 

in some power systems is already high (e.g. South Australia, Denmark, Spain). 

Estimates of the magnitude of the impacts and associated additional system costs 

resulting from the integration of large amounts of wind generation, therefore, are 

mainly based on simulation and prediction models [5].  

It is widely agreed that wind power brings more variability and uncertainty to 

power systems. This has potential impacts on power system reliability and efficiency. 

These impacts can in principle be either positive or negative; however, large amounts 

of wind power usually turn even positive impacts to negative at some penetration level 

[6]. 

These negative effects to some extent depend on a number of factors. For 

example, a power system with a higher portion of consumption covered by wind 

power production and with high variability of load and limited transmission capacity 

available will bear a larger impact due to high wind penetration than other systems. 

The negative effect also depends on the flexibility level of the existing power system 

and the correlation between load and wind patterns.  
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Moreover, the negative effects of wind power to power systems are mainly due 

to the three intrinsic properties of wind – variability, uncertainty and location-

specificity. Three commonly discussed effects are: (i) the increase in conventional 

generation capacity for system adequacy in long term; (ii) the increase in balancing 

reserves to make up for forecast errors due to the uncertainty of wind power 

generation in real-time compared to wind forecast; and (iii) the extra network 

reinforcement and augmentation required to support more wind power due to the 

remote and isolated location of most wind farms. Accordingly, these effects bring 

additional system “integration costs” including adequacy costs due to wind variability, 

balancing costs due to wind uncertainty, and grid-related costs due to specific wind 

location.  

Integration costs of wind power are all additional system costs induced by wind 

power that are not directly related to the generation costs of wind power plants. The 

calculation of these costs varies tremendously depending on the specific power 

system and methodologies applied as shown in [7], [8], [5], [9], [3].  

In Australia, a handful of research discussed the technical and economic 

impacts of integration of wind power into the NEM [4,10], and none of the studies 

quantified the impacts of integration of wind power in monetary terms. As discussed 

in Chapter 2, NEM has unique characteristics that the integration costs of wind power 

may be larger than other power system. Identifying the magnitude of integration 

costs including balancing cost, capacity cost and grid-related cost due to introducing a 

large amount of wind power is the objective of this chapter.  

5.2.1. Balancing Cost 

Balancing costs are the costs incurred in balancing deviations of actual 

generation from the forecasted generation. In alternating current power systems, the 

demand supply balance has to hold at every instant of time to ensure frequency 

stability at usually 50 Hz. Large frequency deviations can mechanically destroy 

rotating machines such as generators.  
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Balancing requirements induced by wind and solar power plants differ from 

those induced by the construction of other types of power plants. The power 

production of wind depends on the weather rather than on signals from the power 

plant control room, and may thus can only be forecasted, not controlled like thermal 

generation. In order to ensure system stability, reserves are required to offset the 

errors incurred in forecasting wind power generation that do not occur in other types 

of conventional power plants. 

There are many studies that estimate balancing costs. Some studies assess costs 

based on observed market prices; others calculate costs based on models that include 

the cost for reserves. In general, studies that assess costs based on market data find 

very high costs compared to those estimated by simulation models because the 

imbalance prices paid for balancing services do not always reflect actual costs, and 

balancing power markets cannot always be regarded as competitive (see Figure 5-1). 

Findings from [12] shows that in power systems with mostly thermal plants, 

balancing costs are estimated between zero and €6/MWh, even at wind penetration 

rates up to 40 percent. In power systems with significant flexible thermal generation, 

such as the Nordic region, balancing costs are even lower. 

Findings from [12] indicate that as wind penetration level increases, balancing 

cost increases (see Figure 5-2). The magnitude of the cost depends on the power 

system, but are likely to be in the range of €0.5/MWh to €4.0/MWh when wind power 

penetration rate is 20 percent.  

 
Figure 5-1: Balancing cost estimates with the increase of wind penetration level, reproduced 

from [11] 
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Figure 5-2: Balancing cost estimates with the increase of wind penetration level, reproduced 

from [12] 

These differences on the resulting balancing requirements and costs in a power 

system may not be as straightforward as it seems. For example, the increase in reserve 

requirements due to forecast errors of wind energy in some hours of the year may be 

significantly less than the increase in reserve requirements due to forecast errors of 

demand. In addition, the need to increase reserve requirements as a result of outage 

of the largest generator could be much larger than that due to wind power variability 

and uncertainty. Thus, there is much debate about the “real” contribution of wind 

power on increasing balancing requirements and associated costs [13].  
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In fact, there are many other sources of system imbalances, including load 

forecast errors, and outages of conventional plants and interconnectors. The German 

experience illustrates that wind generation expansion does not necessarily play a 

major role for balancing costs [13]. Compared to a power system that has a day ahead 

market (e.g. Nord Pool) or 30 minutes’ dispatch interval (e.g. WEM), the balancing 

costs in the NEM could be not as large as these markets because the NEM has a five-

minutes dispatch interval. The balancing service in the NEM is termed “Regulation” 

and is split into raise and lower components, supplied via the ancillary services market. 

An increase in installed wind capacity is expected to affect the capacity of the 

Regulation service required. For this reason, this chapter estimated the increase in 

balancing costs associated with increased Regulation reserves as a result of increased 

in wind power.  

5.2.2. Adequacy Costs 

Adequacy costs reflect the low capacity value of wind power. These costs occur 

because of the need for backup capacity especially during peak-load times from either 

conventional plants, dispatchable renewable capacity or storage capacity [14]. 

Sometimes it is called “capacity costs” or “backup costs” [12]. Note that the term 

backup is controversial because wind power is not actually required additional capacity 

when introduced to a system. However, the term refers to conventional capacity that 

could be removed in the long term if wind power had a higher capacity value.  

[15] indicated that when new wind plants are added to a power system, they 

reduce the utilisation of the exising power plants, and thus their revenue. Thus, in 

most cases, the cost for “back-up” power increases in the Germany in a range between 

-€6 to €13/MWh at a penetration of 50 percent, depending especially on the CO2 price.   

A study conducted by [3] identified that the cost of integrating wind into the 

New Zealand electricity system is many times lower than what is experienced in 

Europe, primarily because of New Zealand's excellent wind resources and significant 

hydro generation capacity. The study also noted that costs associated with greater use 

of wind in New Zealand included additional costs for system reserves (instantaneous, 

frequency-keeping and scheduling reserves) and generation capacity (as wind has 

limited ability to provide generation capacity at peak demand). For integrating 2000 

MW of installed generating capacity by 2020, the additional cost could be between 

$2.06 and $2.76/MWh of wind energy [3]. 
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In the UK, [8] claimed that wind makes some contribution to capacity at peak, 

but this contribution is significantly less than for the equivalent conventional 

generation or non-intermittent renewables. The estimated capacity costs that related 

to the limited contribution that wind can make to system security range from £3/MWh 

to £10.8/MWh.  

In the NEM, the reliability standard targets no more than 0.002 percent of 

Expected Unserved Energy (USE) for any region in any financial year. When high 

demand coincides with low wind generation, plant outages, or low available 

transmission capacity, NEM will experience supply shortfalls as in the case of the 

blackout event that occurred in the South Australia in September 2016. In the absence 

of new developments, potential reductions in coal-powered generation capacity across 

the NEM would pose a risk to future supply reliability in South Australia. Under the 

2016 National Electricity Forecasting Report, neutral economic and consumer outlook, 

if 1,360 MW of coal-powered generation withdraws from the NEM in addition to the 

already announced 2,000MW closure from coal generation, reliability standard is 

projected to be in breach in South Australia from 2019-2021 and 2024-2026 [17]. 

On top of this issue, nine coal-fired power stations have closed since 2012, 

representing around 3,600 MW of installed capacity [16]. In addition, it is widely 

known that the 1,600 MW Hazelwood Power Station in Victoria was closed on 1 April 

2017 [17] together with the rising wholesale gas prices that had affected the wholesale 

electricity prices, and ultimately increase the residential electricity prices.  

To meet the system reliability in the long-term while mitigating the price spikes 

in the NEM, especially in the South Australia, there were a number of proposals to shift 

towards a market with capacity payments for certain services [18]. The South Australia 

Government’s target is to increase the installed capacity of gas power plants in order 

to increase the security supply of gas generation to compensate the variability and 

intermittency of wind power. This chapter, therefore, estimates the additional gas 

capacity requirement due to variability of wind while meeting the NEM’s reliability 

target. Details of the work are presented in section 5.3.1. 

5.2.3. Network Costs 
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Study conducted by [13] identified that the integration of larger wind power 

generation imposes extra network costs. The network costs can be broken down into 

two components: grid reinforcement and grid augmentation. Grid reinforcement is 

needed if new generation is installed in weak or congested grids far from load 

centres, or where no grid exists. Grid augmentation is required to enhance the 

capacity of existing transmission lines connecting conventional and renewable power 

plants to load centres.  

A key question here is whether the network costs considered should be all extra 

costs or only the portion of costs that can be allocated to wind power. This is 

important for power system operators and planners because grid reinforcement and 

new transmission lines also benefit other customers and generators leading to better 

system reliability and trading power between regions. 

The costs of grid reinforcement and grid augmentation by nature depended on 

where wind power plants are located relative to load and grid infrastructure. The 

costs are not continuous because a single high grid reinforcement cost can be used 

for multiple years and purposes. However, for transmission planning the most cost 

effective way is to build transmission network for the final amount of wind power, 

instead of having to upgrade transmission lines in several phases [19].  

A summary of estimated costs for grid reinforcement due to wind power is 

presented in Figure 5-3. In the case studies for the UK [8], Netherlands and Portugal 

[12], grid related cost accounts for only small proportions of the total costs grid 

development or reinforcement. In the case of Germany [20], Ireland [21] and 

Denmark [22], on the other hand, about 40 percent of total grid reinforcement cost is 

allocated to wind power. The grid reinforcement costs from studies in European 

countries vary from €0/kW to €270/kW [23]. However, results of majority studies 

show that unit costs of transmission are below $500/kW, and have a median cost of 

$300/kW. 
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Figure 5-3: Comparison of grid reinforcement costs in selected studies [12]. 

In the case of Australian NEM, the AEMO has conducted a number of studies to 

assess the capacity of transmission network and proposed alternative options to 

augment and reinforce the transmission network. The options, however, are 

subjected to a number of uncertainties. The transmission network is currently owned 

by both private and government companies. The incentive to upgrade the capacity of 

interconnector and transmission lines are driven by the market, not solely by the 

Government’s regulatory framework. Given the proposals that the AEMO has 

published on the need to upgrade the transmission network, this thesis has focused 

on the work that have been approved by the Federal Government to increase 

capacity of the Heywood interconnector between South Australia and Victoria. 

Detailed study and cost estimation of upgrading Heywood interconnector is 

presented in section 5.3. 

5.2.4. Integration benefits of Wind Power 
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Wind power provides both benefit and costs to the power system. However, the 

total wind integration costs should be balanced against the total benefits of wind 

power. These benefits include cost savings as a result of less fossil fuels consumption 

and CO2 emission reduction. The estimates of benefit of wind power can be relatively 

transferred from one power system to another. Reference [20] identified that at low 

wind power penetration level (1 to 6 percent of gross demand), the average emission 

reduction cost is about 20 €/t CO2 if wind energy reaches 1 TWh/annum.  When the 

wind power capacity is further increased, the average cost saving will rise gradually to 

about 35 €/t CO2. The estimation of benefit of wind power in the NEM is presented in 

section 5.3.4 of the chapter.  

5.3. Estimation of Wind Integration Costs and Benefits in the NEM 

5.3.1. Wind Capacity Value and Additional Capacity Costs 

Capacity credit or capacity value of wind power in the NEM is presented in 

Chapter 4 of this thesis. To reiterate, capacity value of wind power in the NEM is 

estimated using effective chronological wind measurement and the corresponding 

total system reliability level using real NEM wind power and load data recorded for 

every 30 minutes over a period of 8 years (2006-2013). Eleven simulation models 

were run to produce wind capacity values with respect to changes in wind 

penetration levels. 

This chapter aims to estimate costs related to capacity requirement to maintain 

system reliability which herein is referred to as “capacity cost”. We adopt a simplistic 

quantification method from Strbac [8] to estimate capacity cost of conventional plant 

required to maintain adequate security for the NEM power system supplied by 12GW 

of wind in 2020. This method has been used in the GreenNet-EU27 project for 27 

European countries [25]. 

Under this method, costs are assessed by accounting the provision of “back-up” or 

“capacity reserve” sufficient to close any gap between the capacity value of wind 

generation and that of conventional generation to provide the same amount of 

energy. Costs will vary depending upon what form of “back-up” generation is 

assumed. Capacity cost is calculated by identifying fixed cost of wind energy-

equivalent thermal plant minus avoided fixed costs of thermal plant displaced by 

capacity value of wind.  
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The equivalent of conventional capacity could come from a number of sources, 

including old conventional generation or middle-aged Combined Cycle Gas Turbine 

(CCGT). In the case of NEM, we choose CCGT with 83 percent load factor as 

equivalent thermal power plant. Unit capital cost of CCGT is 1,062$/kW/year 

according to the Australian Energy Technology Assessment (AETA) report [26].  It is 

considered that wind contributes to capacity margin equals to its capacity value.  

Table 5-1 presents the method we used to calculate the capacity cost. Columns 

(1), (2), (5) and (6) in this table were calculated by running simulation models that are 

presented in Chapter 4.  The annual wind power generation is calculated using 

installed capacity in MW and proportion of annual full load hours (capacity factor in 

column (6)). Then the equivalent amount of conventional capacity that is required to 

produce the same annual generation is determined, assuming a CCGT at 83 percent 

load factor.  

For example, 10 GW of wind power capacity may generate 3,060 GWh per annum 

(capacity factor 30.60 percent), so 3.68 GW of CCGT at 83 percent load factor 

produces the same annual generation as the 10 GW of wind power. Details of the 

calculation of capacity cost of additional wind power are presented in Appendix 3. 

At 99 percent reliability level, when wind capacity penetration increases from 2 

percent to 32 percent, capacity credit is found to decline rapidly from 23 percent to 

6.2 percent whereas capacity cost increases from $2/MWh to $4.8/MWh 

respectively. Figure 5-4 presents the findings of capacity costs. 



116 

 

 

0
1

2
3

4
5

ca
p

a
ci

ty
 c

os
t (

$
/M

W
h 

w
in

d 
g

e
ne

ra
tio

n
)

2 3 4 5 6 7 8 9 10 11 14 17 20 23 27 32
wind capacity penetration (% of peak load)

 

Figure 5-4: Capacity cost of wind power in the NEM 

Capacity costs are driven by two main factors: capacity credit of wind power and 

capital cost of equivalent thermal plant. Higher capacity credit means larger thermal 

equivalent power can be replaced by wind power resulting in lower capacity cost. In 

our analysis, wind capacity credit deceases from 9.1 percent to 6.2 percent when 

wind capacity penetration level increases from 10 percent to 32 percent as estimated 

in Chapter 4. Despite the increase in the absolute value of thermal power replaced by 

wind from 285MW (2013) to 743 MW (2020), the thermal capacity requirement 

increases at a faster rate leading to capacity cost increases with the increase in wind 

penetration. The choice of equivalent technology also affects the magnitude of 

capacity cost.  

In summary, our analysis shows that introducing 12 GW of wind power into the 

NEM by 2020, capacity cost will increase from $37 million to $155 million, which is 

equivalent to $4.86/MWh.   
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5.3.2. Balancing Costs 

This section aims to roughly estimate the extra regulating reserve required that will 

be used for real-time and short-term balancing services in the NEM. This is called 

“balancing costs”. Compared to many other power systems which settle generation 

bidding in a day-ahead market and manage the balancing with ancillary services, 

balancing issues in the NEM will be easier to deal with since it has a 5-minute dispatch 

market. The balancing cost, therefore, will be smaller than it is for other electricity 

markets. 

In the NEM, balancing services is provided by the Frequency Control Ancillary 

Services (FCAS) which involved in adjusting supply and demand to ensure that they 

match at all times, and the system frequency remains stable. It is provided via 

Regulation service (minute to minute matching the variations in the load or 

intermittent generation) or Contingency services (adjusting supply in the event of the 

sudden and unexpected trip of a large generator or load). This chapter focuses on the 

effect of regulating reserve when more wind power is added to the NEM power 

system.  

Balancing cost is estimated based on additional short-term reserve requirements, 

primarily driven by the fluctuations in wind power generation outputs. Balancing cost 

could be calculated by determining the least-cost option for provision of extra short-

term reserve requirement or use market prices for reserve service. This chapter applies 

a market-based approach to estimate balancing costs.  

In order to estimate balancing cost, we identify the impact of wind power on 

short-term reserve requirement for regulation reserves from seconds to minutes [27] 

and applies statistical method using Gaussian non-correlated inputs to identify the 

extra reserve requirements when a total of 12 GW of wind power is introduced into 

the NEM power system in 2020. 

a. Extra regulation reserve requirements 

Historically, reserves have been sized to cover approximately ±3 standard 

deviations of the potential uncertain fluctuations that arise from this combined 

demand prediction error and generation plant failure. The ±3 criteria ensures 99 

percent of unpredicted demand or supply fluctuations are covered by reserves. The 

standard deviation, δ, indicates the variability of the hourly time series relative to the 

mean value μ: 



119 

 

 

δ=  

Assuming that load and generation errors can be represented by normal 

uncorrelated distributions, the standard deviation of the net load time series (δNL) can 

be determined by a simple square root sum of the variances of the load (δL) and wind 

power (δW) time series: 

δNL=  

The additional reserves,  required to cover the increase in variance of the net 

error with a certain confidence level are computed using the n-sigma method: 

= n (δNL - δL) 

Typically n is selected to cover almost all occurrences of wind power variability 

with a certain confidence. For n=3, the reserves would cover 99 percent of the 

variations. For n=4, it would cover 99.99 percent of all variations. Sometimes higher 

values of n, from 4-6, are suggested for regulation reserves and n values in the range 2-

2.5 for load following. In this chapter we use n=4 and assuming that wind power only 

contributes to the reserve requirement caused by the capacity wind power added to 

the system.  

b. Balancing cost estimation 

In order to balance power supply and demand over short-time intervals 

throughout the power system, the AEMO use Frequency Control Ancillary Services 

(FCAS). To calculate balancing cost in the NEM, whoever cause FCAS will bear this cost 

based on causer-pay principle. This research collected the FCAS causer pays 

settlements data in the years of 2012-2014 [28] and take the mean value. Multiplying 

unit ancillary service cost with extra short-term reserve requirement gives us balancing 

cost. The results of estimated increasing in balancing costs for the NEM are presented 

in Figure 5-5.  
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Figure 5-5: Increase in regulation reserves requirements and balancing costs in the NEM 

The estimated increase in balancing costs is relatively lower than estimates from 

another study [29] because the costs are allocated to wind generators only based on 

the “causer pays” methodology. This estimation is based on the assumption that the 

entry of new wind power generation is one of the drivers of the increase in Regulation 

service costs. Thus, half of the balancing costs are allocated to wind generators and the 

other half being borne by loads and other scheduled generators.  

Our findings presented in Figure 5-5 indicates that balancing cost (green line) 

could increase up to $0.8/MWh if installed wind capacity increases to 12GW as 

predicted by the AEMO. At the same time, the extra balancing reserve requirement 

(red blocks) increases proportionally with the increase of installed wind capacity.  

5.3.3. Transmission Costs 

This chapter applies the cost-benefit comparison approach to estimate the extra 

transmission network investments in the NEM. Unlike most studies on the European 

countries, transmission will be built to ensure that renewable targets set by the 

government will be met. As a result, transmission is constructed to meet policy 

objectives and not necessarily for its cost-effectiveness. 
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In the case of Australian NEM, electricity demand has been declining in recent 

years (2012-2014), and AEMO’s National Electricity Forecasting Report (NEFR) 

anticipates further declines over the short-term [10]. As a result, network utilisation 

has also declined. The approach in transmission planning that we adopt in this 

chapter is to determine the most cost-effective way to increase power system 

capability to meet peak demand growth while avoiding over-investment in the 

network based on net market benefits assessments. 

Our estimate of extra transmission costs is based on the requirement to enhance 

transmission capacity between South Australia (SA) and Victoria (VIC) because of 

significant wind curtailment during low demand periods. This is also considered as 

committed transmission network augmentation plan in the 2012 National 

Transmission Network Development Planning (NTNDP) for the period up to 2020. 

According to this plan, there is a requirement to upgrade the Heywood 

interconnector located between the South East (SA) and Heywood (VIC) substations. 

It is the most significant and critical network update within the AEMO’s strategic plan. 

This upgrade is expected to raise the existing maximum transfer capability between 

VIC and SA from 460 to 650MW. Together with the Murraylink high voltage direct 

current (HVDC) interconnector with existing 220MW capability, VIC and SA’s 

maximum transfer capability is assumed to be 870MW in both directions.  

Historically the Heywood interconnector has predominantly been used to import 

power into SA. However, over the past few years, with the addition of significant 

amounts of wind power generation in SA, the interconnector is also being used to 

export power from SA. ElectraNet and AEMO consider that increasing the capability 

of the interconnection will achieve an overall increase in net market benefit in the 

NEM. Under this plan, AEMO proposed to install a third 370 MVA 500/275 kV 

transformer at Heywood and 500 kV bus tie, plus 275 kV series compensation in SA 

and reconfiguration of the 132 kV network between Snuggery-Keith and Keith-Tailem 

Bend (SA). Figure 5-6 and 5-7 provide details of augmentation plan of the Heywood 

interconnector which will be implemented in July 2016. Cost-benefit analysis figures 

for this investment are presented in Table 5-2. 
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Figure 5-6: Upgrade Heywood Interconnectors in the NEM 

 

Figure 5-7: Installation of a third 370 MVA 500/275 kV transformer at Heywood and 500 kV bus 
tie plus a 100 MVAr capacitor at South East substation and 132 kV works 
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The total capital cost of the option is estimated at $107.7m ($2011/12, equal to 

$79.8m in present value terms), reflecting $45.0m investment in VIC and $62.7m in 

SA equivalent to a total of $1.11/MWh. Net market benefits are more than $190m in 

present value terms over the life of the project with positive net benefits 

commencing from the first year of operation.   

Table 5-2: Cost and benefit of installation of a third transformer at Heywood and 500 kV bus tie, 
plus 275 kV series compensation in South Australia and reconfiguration of the 132 kV network between 

Snuggery-Keith and Keith-Tailem Bend (South Australia) 

Costs (mil.$ 2012 value) 79.8 

Benefit (mil.$ 2012 value) 270.5 

Net market benefit (mil.$ 2012 value) 190.7 

Heywood interconnector transfer capacity (MW) 870 

Unit extra transmission cost (*) 
 $/kW 9.73 

$/MWh 1.11 

(*): author calculation 

The main driver affects transmission cost at present is the requirement of 

augmentation of interconnector between SA and VIC that allow further growth of wind 

energy in SA in particularly.  

5.3.4. Benefit of wind power  

Two direct economic benefits of integrating wind power into the NEM power 

system are considered. Firstly, fuel cost would reduce as less fossil fuels are required 

and secondly, CO2 emission reduction results in cost saving of CO2 abatement 

measures. We consider that wind can save fuel consumption of natural gas as CCGT is 

chosen as equivalent thermal technology in our case. Data on fuel consumption and 

of natural gas price is provided by BREE [26]. CO2 prices chosen are $24.15$/tonne 

based on values prevailing before the carbon pricing scheme was abolished in July 

2014 following the election of a new Government. Carbon price is projected to 

reduce to $11.5 /tonne in 2020 by the International Money Fund (IMF) which is 

justified as efficient carbon price [30]. This price is also in line with average carbon 

price internal market in Europe from $7-10$ [30]. 

5.3.5. Net Integration Costs of Wind Power 
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If 12GW of wind power is introduced into the NEM power system by 2020, it is 

expected that integration costs will increase from $5.5/MWh to $6.2/MWh. It is 

observed that the higher the wind penetration, the larger balancing cost and capacity 

cost could be.  
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Figure 5-8: Overall projected grid integration costs when adding 12GW of wind power into the 
NEM in 2020 

In this analysis, transmission costs do not increase proportionally with the increase of 

wind penetration because it is annually averaged during the planning period which is 

represented by the blue columns.  
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Figure 5-9: Net integration costs of adding 12GW of wind power in the NEM in 2020 

Projected overall electricity consumption in the NEM will be 271TWh in 2020 

and it will cost Australians an extra $1.7 billion to integrate that amount of wind 

power into the NEM system (Figure 5-8). However, if the benefit of wind power is 

taken into account (savings of about $563 million), then the net integration cost 

reduces to $1.2 billion (Figure 5-9).  

5.4. Internalization of Integration Costs and Implication of 
Optimal Welfare  

Given the magnitude of estimated costs imposed on the NEM power system by 

the integration of about 12GW of wind power by 2020, policy makers and regulators 

need to weigh the benefits of having more wind power in the power system and the 

additional system costs. Internalization of integration costs of wind power based on 

causer-pay principle is aligned with the NEM objective to promote the efficient, 

reliable and secure operation of the NEM. 
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In the NEM, the great majority of reserves are currently provided by conventional 

generating plants. That conventional generation capacity increasingly becomes 

underutilized in the short to medium terms as the share of intermittent renewable 

energy grows, but must nonetheless be maintained and paid for. The current NEM 

regulatory framework does not provide a mechanism to attribute the costs of 

additional reserves to intermittent plants whose production patterns require these 

reserves to be held. Over the medium and longer term, consumers may be required 

to bear extra system costs due to high investments in wind power plants in the 

absence of a regulatory mechanism to allocate wind integration costs to wind 

generators.  

From economic welfare perspectives, a power system usually focuses on 

minimizing total system costs, which comprise all costs associated with meeting 

demand reliability and maintaining a secure power system, including investment 

costs and the discounted life-cycle variable costs, grid infrastructure and storage 

system [14]. The need to minimize system costs over a longer-term timeframe that 

incorporates private investment and the interest of consumers is the objective of the 

National Electricity Law. Thus, it is critical that integrating wind power costs should be 

incorporated within the NEM governance framework. As it is estimated in this 

chapter, that the additional integration costs caused by wind power to be in the 

range of AU$5.0 to AU$7.0 per MWh when wind power penetration reaches 10 to 30 

per cent.  

In the absence of cost allocation mechanism to wind power generators whose 

operation cause additional system cost, the investor will be sent inaccurate signals 

based on private cost using a Levelized Cost of Electricity (LCOE) indicator. When 

incorporating the integration costs into private costs of wind power generation, it is 

clearly seen that wind power will not be overinvested in long-term. This issue could 

be viewed in a published paper in Appendix 2 as a part of this thesis.   
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It is argued that the objective of minimizing total system costs requires 

appropriate pricing signals such that wind generator should internalize the additional 

costs they impose on the power system. Specifically, in the context of the additional 

profile cost, balancing costs and grid-related costs needed to accommodate larger 

shares of intermittent generation, achieving the longer-term NEM efficiency. It 

implies that the corresponding wind integration costs be identified and allocated to 

wind power generators on the basis of causality. In the absence of some form of cost 

attribution mechanism, there can be no expectation that investors in wind energy will 

adopt the technologies (or apply other measures) so as to minimize or at least limit 

the increase in overall system costs. Internalization of integration costs of wind power 

into the total system cost and identification of optimal wind penetration level is the 

objective of this thesis and the work of chapter 6.   

5.5. Conclusion 

The estimation of the additional system costs is complex and projecting these 

costs for next decades is subject to a significant degree of uncertainty. Therefore, 

values presented in this chapter should be taken as indicative of the likely costs 

ranges. The estimated integration costs of wind power in this chapter are smaller 

than those from other studies done for Australian NEM [4, 29] mainly because of 

three main reasons. The balancing costs are allocated to wind generators only rather 

than all intermittent generators. Secondly, the grid-related costs are estimated by 

upgrading only Heywood interconnector rather than the entire transmissions 

network. Thirdly, the capacity costs (or adequacy costs) are estimated using average 

wind capacity values levelized over an 8 -year time span. Where in fact, in extreme 

hot days wind power capacity value could be in much lower than the average wind 

power capacity over times.  

The key issue for the long-term generation capacity planning in the NEM is to 

minimize long-term system costs, in the interests of consumers, by allocating costs to 

intermittent generators on the basis of cost-causation to provide transparent signals 

for efficient investments in wind power.  
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6. Least Cost Optimal Wind Generation Capacity in the 

NEM considering Wind Integration Costs 

Abstract  

The chapter investigates the long-term least cost generation capacity expansion 

options for the Australian National Electricity Market for the period 2016-2026 using a 

non-linear programming model developed in the General Algebraic Modelling System 

(GAMS) programming language. The model is developed based on three electricity 

demand growth scenarios, namely, the business as usual (BAU) case, low electricity 

demand growth and high electricity demand growth cases. This model addresses the 

issue of how to minimize the total system cost in the long term to meet projected 

maximum electricity demand while maintaining system security and reliability as well 

as meeting the emission target. The current NEM’s long-term capacity expansion 

model does not fully address this issue.    

The model results show that in the next ten years, there will be no significant 

shift in generation type in the BAU and low economic growth cases. In these cases, 

thermal energy generated by black coal and brown coal will still play an important role 

in meeting base loads. Generation technologies using natural gas are the dominant 

candidates for peak load. Renewable energy like wind and solar power would keep 

increasing over the years, but at low and moderate rate in the BAU and low economic 

growth levels. For the high economic growth case, however, wind power is chosen as a 

significant replacement for thermal power, especially with the introduction of a price 

for carbon emissions. The optimal wind power penetration rate is found to be in the 

range of 9 percent to 12 percent for the low economic growth and BAU cases; but the 

wind power penetration increases rapidly up to 55 percent in the high economic 

growth scenario and remains steady at that penetration rate after 2024. The results 

also show that wind integration costs are sensitive to small increments in electricity 

demand. 

It is widely known that large wind power generation causes additional system costs. 

In the absence of a mechanism to internalise integration cost of wind power, the NEM 

will bear an extra of $6-$8 per MWh of electricity generation due to over-utilised wind 

resources.  
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Key words: wind power penetration rate, wind integration cost, least cost 

generation capacity expansion. 

6.1.  Introduction 

In the past decade, the Australian National Electricity Market (NEM), like many 

other electricity markets, has recently experienced a rapid uptake in wind power 

generation because Australia has one of the best wind resources in the world. The 

Australian Government has set an ambitious target to achieve about 33,000 Gigawatt 

hours from large-scale renewable energy by 2020 [1] and reduce carbon emissions by 

26 percent to 28 percent below the 2005 levels by 2030 [2]. To meet this target, 

installed wind power capacity is projected to increase to 12GW by 2020 and this is the 

largest capacity penetration amongst all renewable sources [3]. To date, there are a lot 

of debates and studies about the Government’s renewable energy target but it is still 

unclear how to achieve this target in the most cost-effective way over the long term.  

Australian NEM has unique market operation and wind power characteristics that 

could be challenging to integrating large-scale of wind power if there is a lack of 

adequate network planning and proper investments in new technologies. The key five 

characteristics in the NEM are identified as being highly relevant to the integration of a 

large amount of wind power into this power system.  

Firstly, NEM is an isolated power system with no interconnection with other 

regions and countries and it relies significantly on coal generation to meet electricity 

demand. The existing interconnector capacity between regions are relatively weak and 

requires extension or augmentation [4]. This power system is therefore not yet ready 

to absorb significant amount of intermittent generation in short to medium terms as 

the system was historically designed to mainly support thermal generation.   

Secondly, since 2008-2009 the extreme peak demands in the NEM have shifted 

from winter to summer whereas wind power usually contributes little to peak demand 

on hot days. Thirdly, the significant concentration of wind power generation in one 

region (South Australia) with weak interconnector capacity makes it difficult to export 

the excess wind power generation from South Australia to other regions on the days 

where wind power generation is higher than demand.  Therefore, a large amount of 

wind has been curtailed in South Australia and hence the power generation is wasted. 

Fourthly, South Australia is the largest net importer in the NEM region as it imports 
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significant gas from Victoria to produce electricity to meet a handful of peak demand 

periods. This dilemma in the South Australia caused an extraordinary price spikes in 

the periods of low wind power generation. As a consequence, there was a call for a 

national inquiry into introducing more intermittent renewable energy to meet 

emission reduction target. The Australian Government may end up achieving the 

emissions targets, but at a higher costs than what is necessary, and ultimately the 

higher cost will be passed on to customers. The requirements to build more gas power 

plants in South Australia to serve its own demand while investing in battery storage 

are necessary to ensure the NEM power system’s security and reliability. Finally, the 

long distance between load centres and wind farms in the NEM requires more grid 

connection works to facilitate more wind power coming in the future.  

In this context, the Australian Energy Market Operator (AEMO) has published five 

wind integration studies outlining major challenges when integrating large-scale of 

wind power into the NEM, but has not proposed robust solutions to address the 

challenges [3, 5, 6, 7]. Although large-scale wind power integration solutions have 

been relatively well researched in other countries, the findings are not directly 

applicable for the NEM given the NEM's unique market characteristics and wind power 

characteristics. The Australian Government must develop its own solution for the 

specific wind power integration issue that it is facing. The critical issue is how to 

maximise the utilisation of natural wind resources to achieve the goals of sustainability 

and security of supply while addressing the major wind power integration issue that 

may affect the optimal operation and development of the NEM power system in the 

long term. This is the objective of this chapter.  

This chapter includes six sections. Section 6.2 describes the limitation of the 

current long-term electricity generation capacity expansion approach in the NEM. 

Section 6.3 provides the key inputs in the model including AEMO’s projected electricity 

demand, Levelized cost of electricity by generation technology, and transmission 

capacity of the interconnectors. Section 6.4 explains the methodology of the least cost 

optimisation model and section 6.5 summarises the model results. Finally, section 6.6 

outlines the conclusion and further discussion.  
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6.2. The Existing Long-term Generation Capacity Planning 
Approach in the NEM 

The Australian NEM is one of the world’s longest interconnected alternating 

current17 (AC) power systems, extending over 5,000 kilometres from far North 

Queensland to Tasmania and west to Adelaide and Port Augusta with approximately 

40,000 kilometres of transmission lines and cables. The NEM network connects the five 

states of Queensland, New South Wales, South Australia, Victoria and Tasmania 

through six interconnectors, namely QNI, Terranora, Murray Link, Heywood, VIC-NSW 

and Basslink.  

The NEM network supplies electricity to 19 million residents and approximately 

200,000 gigawatt hours (GWh) of energy to both businesses and households each year, 

meeting maximum demand of approximately 36,000 MW as at 2017. The NEM 

currently has about 300 generating units with total nameplate capacity of about 

44,000 MW as at 2016-2017. The network, however, has modest cross-border 

transmission capability and large distance between regions.  

As discussed in chapter 2, the long-term power generation expansion planning in 

the NEM has a number of limitations that have not been widely studied even though it 

is one of the most important decision-making activities for electric utilities. Currently, 

AEMO’s generation capacity expansion planning approach for the NEM is based on the 

determination of the least-cost optimal capacity (size), timing and type of generation 

units to be built over the long-term planning horizon (e.g. 10 years horizon in the 

NEM), to satisfy the forecasted demand given a set of constraints (e.g. transmission 

capacity, generation capacity, emission target, etc.). In the case of NEM, “least cost 

optimal” approach refers to the expansion plan that results in the lowest combination 

of capital cost, fixed cost, operating (fuel and other) costs, and transmission costs 

incurred by operating the power system adequately over the course of the modelled 

time horizon while meeting forecasted demand within a pre-specified reliability 

criterion [8].  

                                                             
17 Electricity flows in two ways; either in alternating current (AC) or in direct current (DC). Electricity or 

'current' is nothing more than moving electrons along a conductor, like a wire, that have been harnessed for energy. 
In DC, the electrons flow steadily in a single direction, or "forward." In AC, electrons keep switching directions, 
sometimes going "forwards" and then going "backwards." 
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The current approach, however, has ignored the presence of grid integration costs 

of intermittent generation such as wind power. As discussed in Chapter 5, the grid 

integration costs become larger when wind power penetration level increase. It is 

useful to incorporate the integration costs of wind power into the long-term model to 

identify the true social cost of producing a unit of electricity by generation type. 

Identifying the optimal generation portfolio based on true social costs is therefore 

critical for a cost-effective development of the NEM. 

In the 2016 NEM Electricity Statement of Opportunity (ESOO), it is stated that the 

continuing increase in intermittent generation such as wind and rooftop photovoltaic 

generation and the withdraw of thermal synchronous generation causes system supply 

adequacy to become less reliable. At this stage, the need to increase the availability of 

power plants to supply energy when needed and the capability to provide ancillary 

services are key factors to consider in the NEM. Additional intermittent generation 

alone may not necessarily improve the reliability of the system. On the other hand, the 

increase in intermittent generation may impose future risk of load shedding in periods 

of high demand coincides with the low wind and rooftop PV generation, unplanned 

generation outages, and low levels of imports from neighbouring regions.  

It is therefore critical to review the current NEM long-term generation capacity 

expansion approach to reflect the negative effects that increasing intermittent 

generation like wind could impose on the power system. Identifying the optimal wind 

power penetration level that reflects wind power generation’s true social cost is the 

objective of this chapter.  

6.3. Model Input Data and Assumptions 

a.  Projected Maximum Electricity Demand 

This chapter uses the electricity demand projection published in the 2016 

Electricity Statement of Opportunity (ESOO) and 2016 National Electricity Forecasting 

Report (NEFR) which predicts electricity consumption by all sectors over the next 20 

years [9]. The projected demand is developed for three scenarios. In the Business as 

Usual (BAU) case the electricity demand is projected to slightly decrease by 0.43 

percent per year from 2016. Under the low electricity demand, electricity demand is 

projected to decline by – 1.65 percent per year. The high electricity demand scenario 
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Figure 6-2: Regional representation of the NEM 

There are two types of interconnectors in the NEM, namely regulated and 

unregulated interconnectors. A regulated interconnector is one that has passed the 

Australian Energy Regulator (AER) devised regulatory test. The owners of regulated 

interconnectors receive a fixed annual revenue based on the value of the asset as set 

by the AER, regardless of actual usage. An unregulated (or market) interconnector 

derives revenue by trading on the spot market. All the interconnectors in the NEM are 

regulated, except the Basslink connecting Victoria and Tasmania.  

Table 6-1 below summarises the nominal capacities of the six transmission lines 

(interconnectors) linking the five states in the NEM. Nominal capacity is the capacity at 

each transmission line without transmission outage. 

Table 6-1: Nominal Capacity of Interconnectors in the NEM [59] 

Interconnector Connecting region Nominal Capacity (MW)18 
Terranora NSW to QLD 107 

                                                             
18 Nominal capacity connecting two regions could be different because one interconnector is for 

import to the region, the other is for export from the region. For example, the nominal capacity of 
Terranora to export energy from NSW to QLD is 107MW, whereas the nominal capacity to export from 
QLD to NSW is 210MW.  
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Interconnector Connecting region Nominal Capacity (MW)18 
Terranora QLD to NSW 210 
QNI NSW to QLD 300-600 
QNI QLD to NSW 1078 
Vic-NSW VIC to NSW 700 - 1600 
Vic-NSW NSW to VIC 400 - 1350 
Basslink TAS to VIC 594 
Basslink VIC to TAS 478 
Murraylink VIC to SA 220 
Murraylink SA to VIC 200 
Heywood VIC to SA 460 - 650 
Heywood SA to VIC 460 - 650  

  

The capacities of the interconnectors presented in Table 6-1 are used as input data 

for the model. For the Heywood interconnector, the model increases the capacity from 

460 MW to 650 MW under the existing AEMO’s network augmentation as presented in 

Chapter 5.  

c. The Levelized Cost of Electricity (LCOE) by Generating Technology 

This chapter obtained the data on the Levelized Cost of Electricity (LCOE) including 

the capital cost, fixed cost, fuel cost, operating and maintaining cost for 11 generation 

technologies from the published Australian Energy Technology Assessments 2013 

model [10]. The 11 generation technologies including Pulverised black coal (steam 

turbine), Pulverised brown coal (steam turbine), Combine Cycle Gas Turbine (CCGT), 

Open Gas Combined Turbine (OGCT), Combine Cycle Gas Turbine (CCGT) with Carbon 

Capture and Storage (CCS), Open Gas Combined Turbine (OGCT) with CCS, Solar 

Thermal, Solar PV, Wind onshore, Hydro, and Biomass.  

d. Model Assumptions 

For the purpose of the assessment of the optimal generation portfolio in the NEM, 

the least cost expansion model assumed that generation capacity to meet a state’s 

demand can be sourced from any state to meet the least cost of supply objective. The 

transmission capacity is considered as given, and takes into account the upgrade of the 

Heywood interconnector between South Australia and Victoria as discussed in Chapter 

4 of the thesis. All other interconnectors’ capacities are unchanged and, therefore, 

there will be no upgrade of capacity scenario considered. 
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The model is developed under three electricity demand development scenarios as 

presented in section 6.3(a) including Business as Usual (BAU), low economic growth 

(low case), and high economic growth (high case). The model also considers the 

change in carbon price. The model assumes that carbon price will affect the selection 

of optimal generation portfolio. The carbon prices assume to vary from $23/tonne to 

$50/tonne as given input data. 

The model is, however, deterministic and takes demand as given. The model 

focuses on identifying the optimal supply portfolio to meet projected demand over a 

10-year planning horizon (2016-2026). The model does not consider the integration of 

battery storage, but considers the integration cost of wind power in the objective 

function. That means the model considers the additional thermal capacity cost as a 

result of increasing wind penetration level into the calculation. The capacity cost-wind 

penetration level describes the non-linear relationship between capacity cost (i.e. the 

cost of increasing equivalent conventional thermal capacity) for system adequacy and 

increasing wind penetration level. The function is developed based on simulation 

model to calculate the capacity credit of wind power that has been presented in 

chapter 4. The function, however, has simplified the relationship between additional 

capacity cost for long-term system adequacy and wind penetration level by developing 

a non-linear projection function. The details of the function are presented in Appendix 

3 of the thesis. 

6.4. Least Cost Generation Expansion Planning Model  

The model considers 371 generating units, including 301 existing and 60 candidate 

units, in its investigation of the least cost capacity expansion path.     

6.4.1. Model objective 

The optimisation model aims to minimize the net present value of total system 

cost for a 10-year planning horizon (2016-2026) considering the grid integration cost of 

wind power and the cost of CO2 emissions while meeting projected electricity demand.  

6.4.2.  Model index and variable definition 

 

Index Description of model index and variables 
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6.4.3. Objective function 

Objective of the optimisation model is to minimize the net present value of total 

system cost of supplying electricity to meet projected power demand in each of the 

state in the NEM zones in the period 2016-2026. In the objective function, seven cost 

components are included: capital costs of new generating units; fixed costs of existing 

and new generation units; operating and fuels costs of existing and new generation 

units; the cost of transmission augmentation for the Heywood interconnector; the 

integration cost of wind power; and the CO2 emission cost. 

Objective: 

m=1,…,M Type of power plant (hydro, black coal, brown coal, CCGT, 
OCGT, onshore wind, solar thermal, solar PV, wave) 

v=-v,…, T The vintage (year of commissioning) of power plant. 
Negative sign (-v) means the existing power plant was 
commissioned in year v in the past. New power plants enter 
into the grid in year v=1 (starting year of the planning 
horizon)  

t=1,…,T Time step, ranging from 1 to 10 (e.g. t = 1(2016), t = 10 
(2026) 

g=1,…,G State of generation (NSW, QLD, VIC, TAS, SA) 
d=1,…,D State of demand (NSW, QLD, VIC, TAS, SA) 
b=1,…, B Discrete blocks of the load duration curve (break down LDC 

into 3 blocks); b = (peak load, medium, base-load) 
Decision Variables 
hh(m,g,v,t) is the additional capacity required of power plant type m in 

region g vintage v in year t.  Unit in MW   
ht(m,g,t) is the total capacity required of power plant type m in region 

g in year t. Unit in MW 

alloczh(m,g,d,b,t) is the allocation of power output from power plant m from 
region of generation g to region of demand d in block b in 
year t. Unit in MW 

wp(t) Wind penetration level. Unit in percentage (%) 
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with the following components: 

a. Total capital cost in year t (tcct) is the sum of capital cost of establishing a new 
generating unit (e.g., investment cost, set up cost).  

 

tcct =  

 
where: capcost(m,g,v,t) is the capital cost of additional generating unit m in state g 
coming in vintage v for year t; and hh(m,g,v,t) is the additional capacity required of 
power plant type m in region g vintage v in year t. 

 
b. Total fixed cost in year t (tfct) is the sum of fixed costs and applies to both existing 

and new candidate generation units. 
 

tfct =  

 
where: fixcost(m,g,t) is the fixed operating cost of generating unit m in region g in 
year t; and ht(m,g,t) is the total capacity required of power plant type m in region g 
in year t 
 

c. Total operating cost (tcot) given by: 
 

tco(t) =  

where: opcost(m,g,t) is the operating cost of generating unit m in region g in year t; 
dur(b,t) is the duration of time of block b in year t measured in hours; and 
alloczh(m,g,d,b,t) is the allocation of power output from power plant m from region 
of generation g to region of demand d in block b in year t. 
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d. Total fuel cost (tfot) in year t is the sum of cost of using fuel for producing electricity 
by thermal power plants 

tfo(t) =  

where fuelcost(m,g,t) is the fuel cost of thermal generating unit m in year t. 
  

e. Transmission argumentation cost (conct) for the Heywood interconnector 
connecting between South Australia and Victoria 

conc(t) =  

where: connectcost(m,g,t) is the unit transmission augmentation cost to transfer 
electricity from power plant type m in region g in year t, and hh(m,g,v,t) is the 
additional capacity required of power plant type m in region g vintage v in year t. 

 
f. Wind integration cost (wpct) is the additional cost of integrating wind power into 

the power system which is a function of wind penetration level  

wpc(t) =  

 
where: wind penetration rate wp(t) is calculated as a ratio between electricity 
generation by wind power plants and total electricity generation from all generating 
types; and 

wp(t) = ( / (  

with b1, b2, b3 being parameters of the capacity cost function presented in 
Appendix 3 of the thesis. 

  
g. CO2 emission cost (emct) is the cost of emitting CO2 per tonne 

 
emc(t) = 

 

where emission(m,g,t) is the emission factor from power plant type m in region g in 
year t; and CO2price is the cost per tonne of CO2. 

 
6.4.4.  Constraints 

There are six main constraints in the model as described below:  

a. Demand balance constraint: the total allocation of generation capacity for each 
region has to be greater than or equal to the loss adjusted demand in each region 

 

≥  
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where tloss is the transmission losses factor between regions. 

b. Capacity satisfaction of power output: the total power output generated by power 
plant type m, in region g in block b in year t (zhm,g,b,t) must be less than or equal to 
total capacity required of power plant type m in region g in year t multiplied by 
the power plant availability factor  

 

≤  

 

c. Allocation of power output: total power allocated to all regions from a power 
plant has to be less than and equal to the total power output of that power plant  

 

 ≤  

 

d. Resource constraint: maximum capacity addition shouldn’t exceed the maximum 
predefined capacity 

 
 

e. Transmission limit constraint: the transfer of power output from one region to 
another should not exceed the transmission capacity between regions 

 
 

f. Hydro generation limit constraint: the electricity generation from hydro should not 
exceed the maximum predefined capacity of reservoir 

 
 

g. Non-negative variables: all variables are greater than zero, except total discounted 
cost.  

 

6.4.5. Modelling Scenarios 

The model is developed using the three electricity growth scenarios (BAU, Low 
Demand Case and High Demand Cases) as presented in section 6.1. With each 
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electricity demand growth scenario, we run eleven simulation scenarios to identify the 
changes in the capacity (size), the generation type and the time of the existing and 
candidate generating units to be utilised to meet the demand. These eleven scenarios 
are illustrated in Table 6-2.  

 

Table 6-2. Modelling Scenarios for Each Electricity Demand Growth Case 

Scenario Description Variable changes from one 
scenario to another 

Scenario 1 In this scenario, the model assumed that 
unlimited wind power could be generated, 
and no wind integration cost and no 
emission cost are considered.  

 

Scenario 2 In this scenario, the model assumed that 
unlimited wind power could be generated 
but it considers the wind integration cost. 
Emission cost, is however not included into 
the model 

Wind integration cost is 
added 

Scenario 3 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 
price of $23/tonne 

Emission cost at $23/tonne 
is added 

Scenario 4 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 
price of $25/tonne 

Emission cost increases to 
$25/tonne 

Scenario 5 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 
price of $30/tonne 

Emission cost increases to 
$30/tonne 

Scenario 6 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 
price of $35/tonne 

Emission cost increases to 
$35/tonne 

Scenario 7 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 
price of $40/tonne 

Emission cost increases to 
$40/tonne 

Scenario 8 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 
price of $45/tonne 

Emission cost increases to 
$45/tonne 

Scenario 9 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 
price of $50/tonne 

Emission cost increases to 
$50/tonne 

Scenario 10 This scenario considers both the wind 
integration cost and emission cost. The 
emission cost is estimated at the carbon 

Emission cost increases to 
$55/tonne 
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Scenario Description Variable changes from one 
scenario to another 

price of $55/tonne 

 

6.5. Model Results 

This section describes the least cost optimisation model results for three 

electricity demand scenarios. The results are categorised by generation capacity by 

fuel type, by region, and by cost allocation. The details of the model results are 

presented in the section 6.5.1 to section 6.5.5 below.    

6.5.1. Capacity by Fuel Type 

The total installed generation capacity in the NEM is projected to be steady in 

the next 10 years under all three electricity demand growth scenarios. In the BAU case, 

the capacity required to meet maximum electricity demand slightly decreases from 

36,600 MW in 2016 to 35,000MW in 2026. In the low growth case, total generation 

capacity is projected to reduce up to 31,000 MW in 2026 as demand is projected to 

decrease at higher rate under this scenario (an average rate of -1.65 percent per year). 

However, in the high electricity demand growth case, the total generation capacity 

could reach up to 44,000MW to meet projected maximum electricity demand of 43,000 

MW by 2026.  The optimised capacity expansion rates are shown in Table 6-3. 

Table 6-3: Capacity Expansion by Year and Electricity Demand Growth Scenario 

 MW 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 
BAU 36,655 36,512 36,367 36,204 36,057 35,914 35,773 35,493 35,345 35,196 35,049 
Low 
Case 36,627 36,051 35,487 34,883 34,332 33,795 33,267 32,704 32,193 31,690 31,195 
High 
Case 38,673 39,199 39,732 40,227 40,778 41,341 41,914 42,453 43,042 43,640 44,246 

 

Amongst all generation types, coal still contributes the largest proportion (40 

percent to 47 percent), followed by hydro (17 percent to 24 percent), wind (15 percent 

to 21 percent), solar thermal and integrating solar combined system (ISCS) (9 percent 

to 11 percent), natural gas (2 percent to 4 percent), and biomass (less than 1 percent). 

The variation in capacity expansion depends on the scenarios and year selected in the 

model that is illustrated in the Figure 6-3.  

(MW) 
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Figure 6-3: Generation Capacity Expansion by Generation Type and Scenario 

It should be noted that battery storage, wave and diesel are not chosen in the 

least cost model as the generating candidates due to their high levelized costs 

compare to other generating candidates.  

6.5.2. Capacity by Region 

In terms of total capacity by state, NSW requires the largest generation 

capacity, followed by QLD, VIC, SA and TAS. In terms of capacity by generation type, 

the optimal pattern would be very different from the current one.  NSW and QLD are 

the hubs of black coal and VIC is dominated by brown coal; therefore, coal remains the 

dominant type of fuel for electricity generation in these regions. SA has imported 

cheaper natural gas from VIC compared to other states and natural gas contributes a 

large portion in total generation in SA. TAS has rich hydro resources, and hydro 

constitutes more than 50 percent of total generation in TAS as shown in Figure 6-4.  
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Figure 6-4: Capacity Allocation by Region 

A significant increase in wind power generation capacity is observed for SA, and 

solar generation capacity increases largely in QLD, VIC and NSW where solar radiation 

is high on summer days. Wave energy and battery storage would be used in SA and VIC 

after 2025-2026 but these would still account for a small proportion of power supply.  

6.5.3. Optimal Generation Portfolio by Fuel Type under the Three 

Economic Growth Scenarios 

The least cost generation capacity expansion model uses non-linear 

programming to identify the least cost fuel and technology mix for the NEM in the 

period 2016-2026. Figures 6-5 to 6-7 provide details of the generation capacity that 

will be mobilised for the NEM power system for BAU case, low growth case and high 

growth case. In the BAU case and the case of low electricity demand growth and 

without the consideration of emission costs, the proportion between generation types 

is pretty much similar, whereas in the case of high economic growth, the proportion of 
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wind power generation increases significantly compared to the other generation types 

such as thermal, hydro and other renewables (e.g. solar, wave and biomass).  

It is observed that wind power generation is sensitive to the wind integration 

costs and carbon prices. Without wind integration cost and carbon price, wind power 

is projected to be mobilised up to 8,000MW during the planning horizon as shown in 

the pink line in the right top corner of the Figure 6.5. However, wind power generation 

is projected to reduce significantly to 1,000-1,500 MW when wind integration cost is 

considered as shown in the red line in the right top corner graph. When carbon price is 

taken into account in the model, it accelerates the wind power generation up to 2,000 

MW to 3,000 MW as illustrated by the lines in the middle of the right top graph. 

A similar trend is observed under the low electricity demand scenario which is 

presented in the Figure 6.6. Integration costs reduce the optimal share of wind power 

while carbon emission prices raise it. However, in the high electricity demand growth 

scenario, wind power generation is very sensitive to change in the demand. Optimal 

wind power generation accounts for up to 53 percent of projected maximum demand, 

which is equivalent to about 20,000 MW of installed wind capacity.  

It is obviously seen that optimal wind penetration level varies significantly from 

one scenario to another as presented in Figure 6.7. The optimal portfolio of wind, 

thermal, hydro and other renewables in the high electricity demand scenario does not 

follow a clear pattern as seen in the BAU and low cases. Two main reasons explain this 

observation.  Firstly, optimal wind penetration level is very sensitive to electricity 

demand. Each wind farm is usually installed with small capacity (usually less than 

30MW). A small increase in electricity demand could require an increase in new 

capacity of a new wind farm. The model only choose wind to generate electricity when 

marginal cost of wind is less than marginal cost of other generating candidates. 

Secondly, the choice of wind power to produce electricity also depends highly on 

predicted carbon price. If carbon price is high coincident with high electricity demand, 

wind power will be chosen. If carbon price is high but electricity demand is low, wind 

power is not likely to be chosen because the model can select other candidate such as 

hydro or other type of renewables.  
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Figure 6-5: Optimal Generation Capacity by Generation Type in Base Case considering Wind Integration Costs and Carbon Price 
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Figure 6-6: Optimal Generation Capacity by Generation Type in Low Case considering Wind Integration Cost and Carbon Price 
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Figure 6-7: Optimal Generation Capacity by Generation Type in High Case considering Wind Integration Cost and Carbon Price 
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Figure 6-8 presents the change in generation capacity taking into account 

carbon price in the model for BAU case. We run nine cases with carbon price varying 

from $0 to $55 per tonne. When carbon price is zero or low, the model chooses 

thermal as the dominant type of generation, and wind power generation starts 

increasing in 2024 (see second row in Figure 6-8). However, if carbon price increases 

from $25 to $35 per tonne, then wind power generation replaces thermal generation, 

and starts increasing rapidly starting in 2020.  

 
Figure 6-8: Optimal Generation Capacity Considering Carbon Price 
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Capacity of hydro and other renewable types (e.g. solar, biomass) are not 

affected significantly by the introduction of a carbon price. Wind power generation is 

the candidate that is chosen to gradually replace thermal if carbon price increases 

overtime. The reason is driven by the electricity demand as presented in section 6.5.3 

and Figure 6.7. The BAU electricity case is chosen to analyse the sensitivity of carbon 

price versus generating units in Figure 6-8. If electricity demand is higher, there is a 

stronger interaction between wind power and other generating candidates to be 

chosen to produce electricity.  

6.5.4. Cost Allocation in Optimal Generation Capacity Portfolio 

The model divided discounted total cost of generation electricity in the NEM 

into three categories. Firstly, fixed cost includes investment cost in new generation 

units, and fixed cost of existing and candidate generation units. Secondly, variable cost 

includes fuel cost, maintenance cost and labour cost of running both existing and 

candidate generation units. Finally, wind integration cost constitutes of capacity cost 

(back up capacity), balancing cost, and transmission augmentation related cost.  

Amongst the three cost categories, fixed costs and variable costs accounted for 

the largest proportion, while integration costs account for the minimal proportion. In 

the BAU and low economic growth scenarios, wind integration cost varies from $300 

million to $600 million. In the case of high economic growth scenario, wind integration 

cost increases significantly to between $900 million and $1.2 billion for the 10-year 

period. Albeit wind integration cost is higher in high electricity demand scenarios, but 

it still accounts for small proportion of total cost compare to fixed cost and variable 

costs.  
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Figure 6-9: Cost Allocation in Three Cases 

In the NEM, that the maximum electricity demand for the case of high economic 

growth scenario is projected to be about 43,000 MW by 2026 in the NEM. However, 

the impact of high electricity demand on the optimal generation portfolio and wind 

integration cost is significant. It means wind power integration cost is sensitive to 

electricity demand. A small increment in electricity consumption could lead to large 

integration cost and consequentially high electricity bill for households and business 

customers.  

Figures 6-10 and 6-11 use box-cox plots to illustrate the sensitivity of the four types 

of costs over time: fixed cost, variable cost, integration cost, and emission cost. The 
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range of emission cost in base case and low case varies significantly from the mean 

value whereas wind integration cost varies largely in the high growth case.  

 

Figure 6-10: Cost Allocation of the Optimal Generation Portfolio 

 

Figure 6-11: Sensitivity of Cost Allocation in the Optimal Generation Portfolio by Scenario 

In summary, fixed cost and variable cost play a dominant role in operating the 

NEM power system in the next 10 years. Emission cost is still being considered in this 

analysis because the Federal Government may re-introduce the carbon price 

mechanism to the country to meet the emission reduction target. Carbon price is less 
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sensitive to high electricity demand case because wind power is chosen to be the 

dominated candidate to produce electricity in this case.  

Figure 6-12 presents the result of model provides three optimal wind penetration 

thresholds corresponding to the three economic growth scenarios. For the base case 

and low economic growth, optimal wind penetration rate varies from 9 percent to 12 

percent from 2016 to 2026. In contrast, optimal wind penetration threshold increases 

significantly in the case of high economic growth. At the starting of planning horizon 

(2016-2019), wind penetration rate is at the same rate as base case varying from 10 

percent to 12 percent. It then increases rapidly from 2019 to 2025, and becomes 

steady from 2025 to 2026. The reason we observe the steady rate of wind power 

penetration rate after 2025 is because it is close to the tail-end of the planning horizon 

with no new generating units commencing in the system, and the cost of wind 

integration flatten at the point where the total power system cost is minimised over 

long term.   
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Figure 6-12: Optimal Wind Penetration Rate under Three Cases 
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The curve of optimal wind power penetration rate shows that at low levels of wind 

penetration (less than 10 percent of capacity penetration), there is little impact of 

integration of wind power on the power system. At moderate level (12 percent to 50 

precent), the power system would bear the highest integration costs due to large 

amount of wind power. When wind power reaches a level higher than 50 percent, then 

the power system can absorb the technical and operational changes and again, the 

power system would be minimal impact from wind penetration.  In this research, wind 

power generation could reach up to 55 percent of capacity penetration in the NEM 

system to meet the projected maximum electricity demand at least cost when there is 

no network constraint and no limitation in construction of new wind power plant. 

The optimal wind penetration thresholds means that the NEM power system 

needs the remaining 45 percent of capacity mobilised from other firm sources, 

especially thermal generation (coal and gas) to maintain the system inertia and 

strength for the long-term system security and reliability.  

6.6. Conclusion 

This research has developed a least cost generation capacity expansion model 

implemented as a non-linear programming technique in the GAMS language. The 

model is developed to investigate outcomes under three scenarios for projected 

maximum electricity demand, namely, Business as Usual (BAU) case, low case and high 

case that has been published by AEMO Electricity Statement of Opportunity (ESOO) 

and National Electricity Forecasting Report (NFER). For each economic growth 

scenario, the research explored ten cases to identify optimal generation portfolio and 

optimal wind power penetration level with and without the consideration of carbon 

price and wind integration costs. 

The optimal results show that in the next ten years, there would be no significant 

shift in generation type under the base case and the low economic growth case. In 

these cases, thermal still play an important role for base load (black coal, brown coal), 

and peak load (natural gas). Optimal contributions from renewable energy sources like 

wind and solar power do increase over the years but only at low and moderate levels. 

In the case of high economic growth, however, wind power is chosen to significantly 

replace thermal, especially with the introduction of carbon price. Without carbon 

price, wind power generation increases significantly only after 2023. The introduction 

of a carbon price has a dramatic effect on the optimal trajectory for wind integration. 
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With a carbon price between $35 to $55, optimal rates of wind integration become 

high starting in 2018 to enable the system to operate at the lowest cost possible. 

The optimal wind penetration rate is found to be in the range of 9 percent to 12 

percent for the low and base economic growth cases. For the high growth case, wind 

penetration increases rapidly from 9 percent to 55 percent and stays steady at this 

rate after 2024. It can be seen that wind integration cost is sensitive to small 

increment of electricity demand. In the high growth case, despite the demand being 

about 560MW higher than the base case, wind power penetration rate is almost six 

times higher than under the base and low economic growth cases. 

It is widely recognised that large wind power generation causes additional system 

cost. In the absence of a mechanism to internalise integration costs of wind power, the 

NEM will bear extra cost per MWh of electricity generation due to over-utilisation of 

wind resources in order to meet electricity demand. Without appropriate policy 

instruments, investors of large-scale wind power plants do not internalise wind 

integration costs into their investment decision, and they do not have the incentive to 

invest in technologies that would minimise the need for the additional balancing 

reserves in real time, and to improve the system reliability and security. In the long 

term, the wind integration costs will invariably be borne by consumers. 
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7. Conclusion 

The Australian NEM has currently undergone a rapid transformation, from a 

dominated coal-based electricity generation system to a more variable and 

intermittent renewable energy one. The NEM was designed and formed in 1998 for an 

electricity industry that was less complex than it is today, in which traditional 

generation such as coal, gas and hydro could provide all of our electricity needs. 

Nowadays, wind energy has become a significant contributor to the future generation 

mix in the NEM because of its increasing technology efficiency and declining 

investment costs. However, integrating wind power generation into the NEM power 

system requires a careful consideration of its negative effects on system security and 

reliability.  

In relation to the NEM’s system security, as synchronous generators such as coal 

and gas are increasingly displaced by non-synchronous generators like wind farms, the 

fundamental operational characteristics of the NEM power system are being 

challenged. The shift from thermal power generation to wind power generation has 

implications for security to the NEM power system because wind generators do not 

inherently provide usable inertia to support power system security. Wind power has 

little contribution to ancillary services required to maintain a secure and reliable 

supply of power.  

In terms of NEM’s system reliability, it is widely known that one important 

characteristic of wind is its intermittency. As a result, its capacity to deliver electricity is 

lower than that of a coal-fired power station of an equivalent size. Wind can 

approximately contribute 9 to 20 percent of their capacity to peak demand based on 

this thesis’s estimation. When assessing the system adequacy or reliability of electricity 

supply, the ‘capacity value of wind power’ should be taken into account to ensure the 

system has enough reserve capacity in the long term to meet electricity demand.  

There is a need for comprehensive solutions from the Australian Government to 

effectively integrate variable renewable electricity generators into the electricity grid. 

The Australian Government will have to change the way it regulates the NEM power 

system. Such solutions include providing regulatory framework and economic 

incentives to wind power generators to adopt intelligent wind turbine controllers, 

batteries and synchronous condensers to contribute to the system security. The 
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current regulatory mechanism does not encourage this adoption. Furthermore, 

emerging markets for ancillary services, required to maintain system security, should 

keep pace with the rapid transition from coal-fired generation to variable renewable 

generation like wind. It is required to have a new and updated regulatory framework, 

technical standards and rules to reflect the urgent need in the NEM for the system 

security and reliability.  

Within its scope, the thesis opens a list of solutions that the Australian Government 

could consider as an individual option or combine them in a package when developing 

new regulatory framework to effectively integrate large-scale of wind power.  

7.1. Minimum performance standards for wind generators 

One of the components of wind integration costs is the balancing cost which is 

caused by the variation and unpredictability of the wind output.  It is recommended 

that the Australian Government create a regulatory framework to place certain 

minimum performance standards that wind power generators must meet. If such a 

requirement existed, wind power generators would need to invest in battery storage 

and/or intelligent wind turbine technologies to enable them to provide a minimum 

level of output. In effect, such a requirement would require each intermittent 

generator to provide at least some share of the back-up capacity required by the 

system when that generator’s output is low or zero.  

In fact, a similar mechanism has already been put in place in South Australia but 

only for synchronous generation. On the days wind power generation is higher than 

demand, the AEMO requested the minimum requirement for synchronous generating 

units to be online at all time in South Australia.  It is recommended that similar 

minimum requirements will be applied for non-synchronous like wind power 

generators on the days of low wind output.          

7.2. Reserve Capacity Mechanism and Reserve Capacity Payment 

It is recommended that Reserve Capacity Mechanism (RCM) and reserve capacity 

payment as those in the Wholesale Electricity Market (WEM) are important options to 

be considered when the share of wind power generation increases in the NEM. As 

wind cannot provide firm energy, and cannot therefore substitute natural gas in 

providing peak loads at all times, wind generator need to pay for additional capacity 
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that need to replace it when it has low or zero output during high demand periods. At 

the same time, at higher penetrations, variable renewable generation including wind 

increase price volatility and tend to depress market price levels, as well as reducing the 

utilization of conventional capacity.  

Furthermore, more conventional generation capacity withdraws from the market, 

as is also the case in the NEM, and investment in conventional generation that is 

needed to maintain a secure power system is incentivized. Some form of capacity 

payment to conventional generators may then be needed to ensure that sufficient firm 

generation capacity is available to meet the system’s reliability and security standard.  

Overall, the implementation of some form of capacity payment arrangement in the 

NEM would need to be considered as a longer-term option for ensuring that sufficient 

reliable generation capacity is incentivized. 

7.3. Expand the range of ancillary services 

It is also worth considering expanding the range of ancillary services currently 

administered by AEMO to better control the deviation of frequency to balance supply 

and demand in association with fluctuation of wind output is essential.  The new 

ancillary services would not fundamentally alter the NEM design as an energy-only 

market. Modifying the existing Frequency Control Ancillary Services (FCAS) 

arrangements would instead represent an incremental solution with limited cost 

implications for consumers, market participants or AEMO systems. The provision of 

this service may avoid the price spikes that frequently occur in the context of large 

wind down ramp events.  

7.4. Interconnector Upgrades 

The NEM system security and reliability can be improved by investing in new 

network assets to allow connected regions to access more firm-equivalent installed 

capacity across the NEM. All five states of the NEM are connected by high voltage 

transmission lines known as interconnectors. These interconnectors provide normal 

supplies to allow trading between regions and backup capacity when needed.  

With growing variable renewable generation like wind, it may be necessary to 

invest in new and upgraded interconnectors. However, it is needed to get the 

interconnector upgraded at a right balance of benefits and costs, otherwise end-used 
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customers will end up with higher electricity bills as a result of integrating more wind 

power.  

7.5. Regulatory and Policy Direction in the NEM 

a. National Energy Guarantee (NEG) 

In late 2017, the Australian Federal Government proposed a new energy policy 
namely National Energy Guarantee (NEG). The NEG is a policy mechanism designed to 
retain existing dispatchable resources (gas, coal, hydro) and encourage new 
investment in clean generation technology the NEM to meet the emission target while 
ensuring the system operates reliably.  

The NEG will consist of two key parts: a reliability guarantee and an emissions 
guarantee. The reliability guarantee requires electricity retailers to invest in enough 
dispatchable energy resources (coal, gas, diesel, hydro, battery storage) to cover a set 
percentage of their peak load in each region. On the other hand, the emissions 
guarantee requires electricity retailers to meet a defined emissions level for the 
electricity they purchase from the wholesale market. 

According to the NEG, renewable energy from all sources (hydro, wind, solar 

thermal, solar rooftop, biogas/biomass) will account for 28 to 36 per cent of total 

energy generation in 2030 under the NEG. This is the estimated result of the modelling 

work under the NEG. It is, however not a target nor a limit on the amount of 

renewables that could result over time.  

The ultimate mix of variable and dispatchable generation will be determined by the 

market, which will be incentivised to deliver the lowest cost combination of 

technologies to meet the emissions levels required while maintaining reliability. A 

range of technologies, not just renewables, can be used to meet the emissions levels 

set by the government including demand response, batteries and gas generation. And 

renewable technologies that are ‘on demand’ such as hydro, solar or wind with 

batteries, and in the future solar-thermal, will also contribute to meeting the reliability 

guarantee.  

It is expected that the largest increase in the generation mix will be in energy that 

is both dispatchable and low emissions, such as solar thermal technologies, hydro and 

batteries charged by renewables. 



164 

 

 

The reliability guarantee will start in 2019 and the emission guarantee will 

commence a year later (2020) to replace the RET. The NEG helps balance dispatchable 

generation (coal, gas, hydro) and intermittent generation (wind, solar). In the presence 

of NEG, the investment in wind farms will become more cost-effective.   

b. Reliability and Emergency Reserve Trader (RERT) 

In late 2017, the Federal Government has approved the introduction of Reliability 

and Emergency Reserve Trader (RERT) to the market under the coordination and 

operation by AEMO. RERT is designed to provide emergency reserve in short to 

medium notices when market needed (3 hours to 7 days ahead in short notice, and 

from 8 days to 10 weeks ahead in medium notice). RERT is usually activated in periods 

of supply shortage (such as low wind generation, trips of power stations, extreme high 

demand, etc).  

In the past, during the periods of supply could not meet demand, gas is used as a 

primary source to make up for the shortfall. With the presence of RERT, emergency 

reserve can be sourced from either load curtailment (e.g. Demand Response Program) 

or additional dispatchable generation.    

RERT is a complementary tool to manage the integration of wind power   in 

conjunction with other market-based instruments (e.g.   

c. Minimum Standard for Wind Generators 

As presented in section 7.1, it is recommended that the Commonwealth 

Government should create a regulatory framework to apply certain minimum 

performance standards for wind power generators to ensure wind generators meet 

obligations to provide inertia and system strengths as dispatchable generators. If the 

minimum operation standard is required, wind power generators would need to invest 

in battery storage and/or intelligent wind turbine technologies to enable them to 

provide a minimum level of output. In the past, most of obligations are applied to 

retailers and market customers. Putting this policy in place, the obligations will be 

applied to generators who need to bear the cost of externalities.  
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a b s t r a c t

Calculation of wind power capacity values for risk assessment of power system adequacy has attracted
great attention in the literature. And the most popular approach has been the Effective Load Carrying
Capability (ELCC) method which allows for the consideration of key factors such as wind capacity factor,
forced outage rates (F.O.R) of conventional power stations, system reliability targets, and the correlation
between wind availability and system load. However, comparatively little attention has been paid to
analysing the effects of other factors such as the number of wind farms and wind installed capacity, the
length of historic time series data on demand and wind resources. This paper provides an in depth
analysis of how these factors influence the calculation of capacity value for the Australian National
Electricity Market (NEM) power system using metered half hourly wind and load data for 2006 to 2013.
The analysis incorporates the periods with extreme risk events. Our results show that capacity values
depend greatly on the design of the simulation model used, and highlight the importance of capturing
wind and load data points relating to extremely high demand periods. We compare our NEM wide
estimates to recent estimates for the State of South Australia.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Calculation of the capacity value of wind power for both inter
connected and island grids has received a lot of attention in the past
decade. The fundamental concept behind the need to calculate
capacity value of wind power is that electricity demand could not
be predicted with a high level of certainty when in fact electric
power systems are required to have sufficient capacity (system
adequacy) to meet customer demand instantaneously. As wind
power penetration increases and gradually replaces conventional
power generation, it is necessary to estimate its contribution to
system adequacy. Wind's contribution to system adequacy
expressed in equivalent thermal capacity is its capacity value or
capacity credit.

Determination of this capacity credit is challenging because of
wind intermittency and the difficulty of forecasting long termwind
availability. Underestimation of wind power capacity value will
cause an over supply of costly capacity reserve while over
estimation of firm equivalent wind capacity could lead to power
, Crawley WA 6009 Australia.

a.edu.au (C. Nguyen).
shortages. Besides, generation adequacy risk assessment is mainly
based on the high demand periods; therefore, the primary focus of
wind capacity value estimation is contributions during peak and
extreme peak demand periods [1]. An approach that is widely used
to quantify the contribution of wind generation to peak demand is
the Effective Load Carrying Capability (ELCC) method [2] in which
coincident historic time series for demand and available wind ca
pacity are used directly in the risk calculation [3]. While this is a
preferred method, it requires significant amount of historical wind
and demand data which might not always be available. This be
comes even more difficult when one attempts to assess wind
contribution to extreme high demand periods because these events
occur very rarely and records of these events could be inhomoge
neous. In the case of the Australian NEM, for example, the extreme
peak demand event has occurred only over a handful days during
the 15 years since the NEM was established in 1999. We therefore
analyse the effect of this extreme high demand event on wind ca
pacity value in the NEM. Key factors that drive the capacity value
results will also be analysed in this paper.

Capacity value depends on a number of factors that can be
categorised in two groups. The first is the set of “inherent factors”
that characterise wind generation and load features. These factors
have been discussed widely [4e9] and include wind capacity factor,
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forced outage rate of conventional power stations (F.O.R), target
system reliability level, and the general correlation between wind
and load. The second group is a set of “subjective factors” and re
lates to the choice of calculation structure. These include the
number of wind farms and wind installed capacity considered, the
length of available historic time series that are used directly in the
calculation, and the type of wind and load data inputs used in the
simulation. The last factor refers to whether one uses the actual
“historical sequencing” in which wind farms joined the grid or uses
a “controlled interval” of time width providing a consistent wind
capacity and load data for the simulation. The “historical
sequencing” and “controlled interval” approaches are not well
defined in the literature; we describe the approaches with more
detail in Section 2.4.1.

Although the “subjective factors” play a crucial role in the
calculation of capacity value, they have received little attention in
the literature. Addressing this research gap is a central theme of
this study. It attempts to examine their effects on the estimation of
wind power capacity values. In Australia, there are limited studies
estimating capacity value of wind. Haslett and Diesendorf [10] used
a numerical probabilistic model to investigate capacity value of
wind power in Western Australia in 1978. This study provided an
important analytical evaluation that considered correlation be
tween wind and load. However, the study used data from Western
Australia only. Moreover, the investigation was conducted more
than 30 years ago and the data are not representative of recent or
current wind power penetration levels. More recently, the Austra
lian Energy Market Operator (AEMO) has published a report on
wind contributions to peak demand in South Australia using his
torical wind and load data between 2008e2009 and 2013e2014
[11]. Like the first study, it focuses only on one State (with partic
ularly high wind penetration) and may not be representative to the
entire NEM.

In this paper, we focus on the Australian NEM power system as a
case study covering all five eastern States, namely, New South
Wales (NSW), Queensland (QLD), Victoria (VIC), South Australia
(SA) and Tasmania (TAS). At present, the NEM system has more
than 270 generators with system capacity of about 50 GW, among
which 31 are onshore wind generators with a total nameplate ca
pacity of 3.1 GW.

The Institute of Electrical and Electronics Engineers (IEEE) Po
wer and Energy Society Task Force on Capacity Value of Wind
Generation [12] recommends that multiple years of data be used
because wind power production varies from year to year, and cal
culations based on one or a few years might not be representative
[13]. suggests that at least four to five years of data are necessary for
reliable assessment of capacity value. On the other hand, findings
by Ref. [3] show that even 25 years of data may not guarantee a
robust estimation of wind capacity value because the frequency of
extreme peak demand occurrences is very small. There is no simple
rule of thumb to determine a reasonable length for the time series
of wind and load data which should be used. The requirements
depend on the power system under investigation as each system
has its own unique wind and load patterns and also implications of
the correlation between these patterns for meeting extreme peak
demand periods. In this paper, we explore the effect of three
“subjective factors”: the length of the time window or data series
considered; the type of modelling approach (historical sequencing
or controlled interval); and the number of wind farms and wind
installed capacity on the estimation of capacity value. We simulate
eleven scenarios sequentially changing one factor in each scenario
while holding the other two constant.

The paper is organised into five sections. Section 2 provides a
graphical illustration of the method used in calculation of capacity
value. The section also presents the eleven simulation scenarios
developed to analyse the key factors influencing capacity value
calculations. The features of the NEM power system, including its
wind and load characteristics and data on extreme peak demands,
are described in Section 3. The results of the capacity value calcu
lation are presented and discussed in Section 4. The paper con
cludes in Section 5.

2. Capacity value calculation method

2.1. Capacity value metrics

The two most widely used capacity value metrics are Effective
Load Carrying Capability (ELCC) and Equivalent Firm Capacity (EFC).
ELCC is the additional load that the new wind generation can
support without increasing the value of a chosen risk index. EFC is a
measure of the size of the equivalent reliable capacity that would
give the same risk level. Defining variables C, A, L as, respectively,
total installed conventional generating capacity, available conven
tional capacity at a given time due to planned and unplanned forced
outages, and demand (load) at a given time. The Loss of Load
Probability (LOLP), denoted by P0, is the fraction of time (or prob
ability) that available conventional capacity A falls below the load L

P0 PrðA< LÞ (1)

As a planning criterion, a typical value of P0 is in the range of
10�3 to 10�5 [6]. If a certain amount of hypothetical firm capacity CF

is added to the grid, then LOLP is reduced to PF, where

PF PrðAþ CF < LÞ (2)

Similarly, if wind available capacity at any time W (rated ca
pacity Wr) is added to the grid, then LOLP becomes

PW PrðAþW< LÞ (3)

If capacity value is measured using ELCC, then

P0 PrðAþW< L þ ELCCÞ (4)

ELCC is the amount by which the load may be increased due to
additional wind capacity while the original LOLP of P0 is
maintained.

If capacity value is defined using the EFC criterion, then EFC is
the value of CF obtained by equating PF and PW from equations (2)
and (3). CF equals a coefficient a multiplied by available wind ca
pacity W, where a is usually greater than 1.0.

CF aW (5)

The capacity value metric should be chosen to facilitate the
objective of a particular calculation; however, ELCC and EFC are
closely related mathematically, and results and techniques appli
cable to one may easily be transferred to the other [14].

2.2. Preferred ELCC based calculation method

We chose the ELCC based method to calculate capacity value of
wind power because it is the method recommended by the IEEE
Power and Energy Society Task Force on Capacity Value of Wind
Generation [12]. ELCC is measured using Loss of Load Expectation
(LOLE) that is the expected number of hours or days, during which
the load will not be met. LOLE can be calculated through direct use
of historic demand and wind time series. This method automati
cally incorporates the available statistical information on the rela
tionship between wind availability and demand and it is the most
relevant method for assessing system risk as it relates supply to
demand during the hours of very high peak demand [12,15].



Fig. 1. Capacity deficit without wind power (LOLE 12 h). Fig. 2. Capacity deficit with wind power (LOLE 2.5 h).
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The risk index used in LOLE is defined as

½LOLE�
X

t
½LOLP�t (6)

where the Loss of Load Probability for period t (LOLPt) is defined as
the probability that the available generation in period t is less than
demand. The periods considered may be half hours, hours or days.
The results of LOLE calculations based on different period lengths
are not directly comparable; for example hourly LOLE would count
a consecutive 3 h shortage as 3 h, whereas daily LOLE would
effectively count it as one day. Detailed application of this method
is discussed in Section 2.3 and 2.4.
Fig. 3. Capacity value of wind power is ELCC that returns LOLE to 12 h.
2.3. Graphical illustration of ELCC based method

Descriptions of the method have been provided mainly using
computer algorithms ([13,16]), mathematical models [14,17] or
plain text descriptions [8,12]. Below, we provide graphical illus
trations using real wind and load data recorded on 30 min intervals
in the NEM.

The three graphs below (Figs. 1e3) represent three sequencing
steps in obtaining ELCC value. In the first graph, two curves and one
straight line have been plotted in chronological order of a defined
time period (e.g. hours per year or multiple years). “Available ca
pacity” is the predetermined target system reliability of 95%e99%1

applied in the NEM over the long term and is represented by the
straight line. The load andwind power production curves represent
fluctuation of electricity demand against available wind generation
over time. The hours of excess load, over and above available ca
pacity, is the LOLE1 which is the number of hours that load is un
served due to capacity deficit. In this example, LOLE1 equals the
12 h marked by the oval.

In the second graph, wind output is treated as negative load, and
then it is removed from the load time series resulting in the net
load curve (load minus wind power) that is depicted in Fig. 2. In the
samemanner as Fig. 1, the LOLE2 is calculated as the total number of
hours where load is unserved (Fig. 2). LOLE2 is now lower (equals to
2.5 h in our example) than the target LOLE1 in step 1. Finally, the
1 Reliability of a power system refers to the probability of its satisfactory oper-
ation over the long run. It denotes the ability to supply adequate electric service on
a nearly continuous basis, with few interruptions over an extended time period
[18]. This paper, targets 95 99% of the hours served for the power system func-
tioning adequately.
third graph presents a required increase in the amount of load over
time series that makes LOLE2 equal to target LOLE1. This amount of
load increase tomaintain target reliability level is called the ELCC. It
is alternatively known as capacity value or capacity credit of wind
(Fig. 3). Capacity value of wind can be presented in absolute terms
(MW) or as a percentage of installed wind capacity.

In the case of the NEM power system, half hourly metered wind
and load data in the period of 2006e2013 is available, and hencewe
use directly in the calculation representing the geographical
dispersion of the historic wind fleet for the years being studied. To
provide ameaningful comparison of capacity value results, we scale
ELCC value according to the wind capacity installed for the years
considered in the analysis.
2.4. Simulation scenarios

2.4.1. Historical sequencing (HS) and controlled interval (CI)
simulation data

A few studies have conducted capacity value assessments but do
not clearly explain howwind and load data series were constructed
in their models [5,8,18e20]. Therefore, in this section, we first
describe the two types of modelling approaches with regard to the
wind and load time series data used. We then apply both ap
proaches in our simulations for capacity value estimation.

First, we separate two types of modelling approaches: historical
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sequencing (HS) and controlled interval (CI). The HS approach
covers wind and load time series data reflecting the actual histor
ical sequence in which the wind farms joined the grid. That is, the
modelling relies on the complete historical load data without
truncation. This, however, means that the number of wind farms
operating at different points in timewill be different and it typically
requires long period of data (e.g. over 5e10 years). This issue is
addressed in the CI approach, which controls the width and loca
tion of the timewindow explored so that the number of wind farms
is constant within that time window or interval. Multiple years of
historical wind and load data are ideal for calculating capacity value
in the ELCC method; however, they are not always available in
every power system. Therefore, we examine whether the CI
approach covering a relatively short period with controlled ca
pacity can still provide a meaningful capacity value for systems that
have limited wind and load data availability.

Fig. 4 provides examples of the two types of modelling ap
proaches with illustrativewind and load data series associatedwith
each approach. Suppose we have wind and load data of a power
system fromyear 1 to year t, inwhich four wind farms (WF1eWF4)
joined the grid at different points in time. Suppose at the beginning
of year 1, wind farm 1 (WF1) joined the grid; suppose further that
wind farms 2 and 3 (WF2, WF3) joined the grid in late in the first
year and that wind farm 4 (WF4) joined the grid in the middle of
the second year. To construct a historical wind and load data series,
we can either consider long term correlation of wind and load from
year 1 to year t (short dash block that we called “historical
sequencing”), or we could take the controlled interval approach
and focus only on a shorter controlled time interval or even a single
year (long dash block). Each approach has its pros and cons. HS
type of data is useful if the aim is to investigate the long term
correlation of wind and load. HS is also likely to produce more
reliable capacity value estimates because it utilises a longer data
series. However, using HS type data requires scaling wind data and
interpreting the results carefully because the number of wind farms
varies through the period and is smaller at the start of the period
than at the end when the power system is likely to be more
developed and mature at the end.

The CI type of data, on the other hand, can be applied where
long term historical wind and load data is not available. The CI type
of data is also useful when assessing the immediate physical impact
of new wind farms joining the grid on a power system. In the
example provided above, one could construct CI data for the two
years (1e2) in which WF 2 & 3 joined the grid (see Fig. 4). In our
simulation model, we construct different CI time intervals to cap
ture the different stages of the NEM system. For example, one of the
years (2009) is selected because it is the year where the highest
Fig. 4. Illustration of “historical sequencing” and “controlled interval” of wind and load
time series data.
load occurred. Another year (2013) was selected because all 31
wind farms were fully operating by then. Awindow 3e4 years long
(2009e2013) was used because it represents the latest develop
ment stage of the NEM power system.

The choice of either HS or CI time series data plays an important
role in shaping the capacity value of wind power. HS type of data is
applicable if past conditions affect present conditions. The CI type
of data, on the other hand, assumes historical conditions have
insignificant or zero effect on present conditions. Fig. 5 provides
actual historical schedule for the 31 wind farms that joined the
NEM grid since December 2005 and examples of two HS and two CI
scenarios used in our calculation.

2.4.2. Simulation scenarios
We develop the eleven different simulation scenarios to

examine the effect of the following three key subjective factors on
the capacity value of wind power:

a) the modelling approach: HS or CI;
b) the number of wind farms and installed wind capacity consid

ered in the simulation model; and
c) the length of historical time series (e.g. multiple years or a single

year) included in the simulation model.

Eleven simulation scenarios are analysed using similar reli
ability standards (between 95% and 99%). The first six simulation
models are HS based models while the last five models are CI
based simulation. Each wind generator connects to the NEM
network at different stages, but the earliest wind power generation
data obtained from the AEMO is in mid December 2005, therefore
our time array in simulation models starts in January 2006 till
December 2013. The longest HS data arrays span from January 2006
to December 2013 covering 8 years while the longest CI data arrays
cover only four and half years (from July 2009 to December 2013).
The shortest data array for both HS and CI is one year (2009 or
2013). The nine scenarios refer to different period lengths and
number of joining wind farms, with two of the periods covering
only single years (2009 and 2013). The reason we single out these
two is because of record of extreme peak demand events that
occurred in January 2009 and because 2013 is the most recent year
that covers the full operation of 31 wind farms. Table 1 provides
details of the eleven simulations considered, each simulation is
characterised by its ID (for example: HS 18 1 means simulation
covers historical sequencing type of data for 18 wind farms in one
year).

In Table 1, the first six simulations used Historical Sequencing
(HS) approach and last five simulations all used the Controlled
Interval (CI) approach.

Capacity value estimates can be compared between adjacent
scenarios according to the sequencing shown in Table 1. Only one
subjective factor is varied between adjacent rows. Thus, we first
compare results from simulation 1 (HS 18 1) and simulation 2 (HS
18 3) which differ only in the number of years covered but have the
same simulation approach (HS) and include the same number of
wind farms (18). This comparison evaluates the effect of variation in
the time window. The next pair compared, simulation 2 (HS 18 3)
and simulation 3 (HS 25 3), differ only in the number of wind
farms (18 versus 25) as do simulations 4 and 5. The comparison
between simulations 3 and 4, and between 5 and 6, focuses on the
effect of the time interval. The story with the CI approach is similar,
adjacent simulations vary in only one subjective factor.

Eleven simulations contain various time length and wind
installed capacity due to simulation design; therefore, to make the
results comparable, we standardize the results by consistently
scale up wind capacity values as percentages of wind installed



Fig. 5. Examples of HS and CI scenarios.
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capacity at 20% wind penetration level2 while keeping all other
parameters unchanged. Results of capacity value from eleven sce
narios are then compared at this penetration level. The chosen 20%
wind penetration level is based on the nation wide Large scale
Renewable Energy Target (LRET) scheme, aiming at least 20% of
electricity being produced from renewables by 2020 [21].
2 There are two metrics are usually used to define wind capacity penetration:
capacity or energy penetration. Capacity penetration is a ratio of installed wind
capacity and total installed capacity. Energy penetration is a ratio of annual wind
energy and annual total energy demand. In this paper, we followed the literature
[5,22] to define capacity penetration as a ratio of installed wind capacity and peak
load. The reason we apply this metric is because we aim to remove the component
of reserve capacity in the total installed capacity. For those power systems that have
high reserve capacity margin like NEM (33% of total installed capacity in 2013), it is
necessary to remove this component to accurately reflect the real wind capacity
penetration.
3. The Australian NEM power system

3.1. Wind installed capacity and grid connection schedule

Australia in common with many other countries is facing a po
tential dramatic increase in wind energy production. At the end of
2013, there were more than 1000 wind turbines spread across 31
operating wind farms in the NEM with total scheduled and semi
scheduled generating capacity of about 3.1 GW [22]. In term of
wind energy production, nearly 8000 GWh of electricity has been
produced, accounting for 4.1% of the NEM's overall electricity
generation in 2013. The 31 wind farms considered in our study are
located in four States including NSW, VIC, SA and TAS. Queensland
has had one small wind farmwith installed capacity of 12MW since
2000; but we don't include that farm in our analysis because it is
not recorded in the NEM central dispatch system.

Table 2 presents the wind generators that have joined the NEM



Table 2
Wind generators in the Australian NEM.

No Wind generator ID Region Capacity (MW) Commission date No Wind generator ID Region Capacity (MW) Commission date

1 WOOLNTH1 TAS 140 Dec-05 16 CULLRGWF NSW 30 May-09
2 LKBONNY1 SA 80.5 Dec-05 17 CAPTL_WF NSW 140 Jun-09
3 WPWF SA 90.75 Jan-06 18 PORTWF VIC 164 Jul-09
4 CATHROCK SA 66 Jan-06 19 LKBONNY3 SA 39 Jul-10
5 MTMILLAR SA 70 Jan-06 20 NBHWF1 SA 132.3 Jul-10
6 CHALLHWF VIC 53 Feb-06 21 WATERLWF SA 111 Aug-10
7 YAMBUKWF VIC 30 Feb-06 22 GUNNING1 NSW 47 Mar-11
8 CNUNDAWF SA 46 Feb-06 23 WOODLWN1 NSW 48 May-11
9 STARHLWF SA 34.5 Feb-06 24 BLUFF1 SA 52.5 Jul-11
10 LKBONNY2 SA 159 May-07 25 OAKLAND1 VIC 67 Aug-11
11 HALLWF1 SA 94.5 Dec-07 26 MACARTH1 VIC 420 Aug-12
12 SNOWTWN1 SA 99 Feb-08 27 MLWF1 VIC 20 Nov-12
13 WAUBRAWF VIC 192 Mar-09 28 MUSSELR1 TAS 168 Mar-13
14 CLEMGPWF SA 57 Apr-09 29 SNOWSTH1 SA 126 Sep-13
15 HALLWF2 SA 71.4 May-09 30 MERCER01 VIC 131 Oct-13

31 GULLRWF1 NSW 166 Nov-13

Table 1
Eleven simulation scenarios considered.

Simulation No Simulation ID Approach No. of years Period No. of wind farms Wind installed capacity (MW)

1 HS-18-1 HS 1 Jan 09-Dec 09 18 1617
2 HS-18-3 HS 3 Jan 09-Dec 11 18 1617
3 HS-25-3 HS 3 Jan 09-Dec 11 25 2114
4 HS-25-8 HS 8 Jan 06-Dec 13 25 2114
5 HS-31-8 HS 8 Jan 06-Dec 13 31 3145
6 HS-31-4 HS 4 Jan 10-Dec 13 31 3145
7 CI-12-1 CI 1 Jan 09-Dec 09 12 963
8 CI-12-4 CI 4 Jul 09-Jul 13 12 963
9 CI-18-4 CI 4 Jul 09-Jul 13 18 1617
10 CI-18-3 CI 3 Aug 10-Aug 13 18 1617
11 CI-21-3 CI 3 Aug 10-Aug 13 21 1899
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since 2006, including their IDs, locations, nameplate capacities and
commencement dates. SA had the highest number of wind gener
ators (thirteen generators with installed capacity of 1300 MW),
followed by VIC (eight generators with 1077 MW), NSW (five
generators with 431 MW) and TAS (two generators with 308 MW).
3.2. Wind and load characteristics

Half hourly wind and load data series covering 31 wind gener
ators were available across the years from 2006 to 2013. Fig. 6
shows the normalised diurnal mean wind and load over the past
eight years in the NEM. Insignificant correlation between wind
Fig. 6. Normalised mean wind and load in 2006 2013 using real half-hourly time
resolution.
availability and electricity demand in the NEM is recognised in this
graph. Peak daily electricity demand is from 6:00 to 9:00 pm
whereas highest wind production occurs between 10:00 pm and
2:00 am. This characteristic feature of the NEM is important in the
determination of the capacity value for wind power.

Fig. 7 plots the wind power generation against the top 85e100
percentile of peak load in the years of 2006e2013 to show how
statistically wind availability contributes to peak demand. In the
top 85 percentile of peak demand, wind generation contributes
mostly from zero to less than 1000MW, accounting for about 30% of
full capacity. In the top 95e100% of peak demand, wind power
production contributes from zero to 500 MW (or 16% of installed
capacity). Mean wind output contribution to peak demand varies
Fig. 7. Wind contribution to 85 to100 percentile of peak demand in 2006 2013.
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from 300 to 600 MW, representing 10e17% of full load capacity.
3.3. Data of extreme peak demands

In assessing the robustness of a calculation's results, it is
necessary to consider the volume of statistical information on the
wind availability at times of high demand because contribution of
wind during these periods determines the generation adequacy
risk assessment. It is more difficult to assess power system ade
quacy under extreme conditions as extreme high demand occurs
infrequently. For this purpose, an extreme peak demand is defined
as one exceeding 99% of average peak demand and the average
peak demand value is determined by averaging peak demand in
summer andwinter under normal weather condition. Average peak
demand value in this case is driven by economic and demographic
factors (e.g. population growth, GDP growth, technology use, etc.).
The focus on average peak demand helps us to remove the effect of
“ad hoc”weather fluctuations on peak demand. In the case of NEM,
the average peak demand of 33,800 MW observed in the
2006e2013 period is used as a benchmark. Table 3 summarises the
data on extreme demands exceeding 33,800 MW in the past 15
years of operation [23]. There were only 9 days where the 99%
average peak threshold was exceeded. Moreover, these days
occurred in five distinct periods and in two particular months,
January and February (2009 and 2011).

The high demand event for January 2009 was due to extreme
hot weather leading to the increased utilisation of cooling loads
while the supply problem was exacerbated by capacity reductions
of both generators and transmission elements. Generation and
transmission elements also experience higher probability of failure
Table 3
Periods with demands above 99% of average peak in period of 2006 2013.

Period No of days No of hours

28 30 Jan 2009 3 20.5
5 6 Feb 2009 2 6.5
11 Jan 2011 1 0.5
31 Jan 2011 1 6.5
1 2 Feb 2011 2 11

Table 4
Results of capacity value of wind power at 95% 99% system reliability, scaled up at 20%

Sim.
No.

Sim.
ID

Approach No. of
years

Period No. of wind
farms

Wind installed capac
(MW)

1 HS-
18-1

HS 1 Jan 09-Dec
09

18 1617

2 HS-
18-3

HS 3 Jan 09-Dec
11

18 1617

3 HS-
25-3

HS 3 Jan 09-Dec
11

25 2114

4 HS-
25-8

HS 8 Jan 06-Dec
13

25 2114

5 HS-
31-8

HS 8 Jan 06-Dec
13

31 3145

6 HS-
31-4

HS 4 Jan 10-Dec
13

31 3145

7 CI-12-
1

CI 1 Jan 09-Dec
09

12 963

8 CI-12-
4

CI 4 Jul 09-Jul 13 12 963

9 CI-18-
4

CI 4 Jul 09-Jul 13 18 1617

10 CI-18-
3

CI 3 Aug 10-Aug
13

18 1617

11 CI-21-
3

CI 3 Aug 10-Aug
13

21 1899
during periods of high ambient temperature. During the 29e30
January 2009, more than 800 MW of load was shed in Victoria and
South Australia because of supply shortfall [24]. Similarly in 2011,
high temperature (above 40 C degree) across the middle of
Australia drove unusual high demand especially in South Australia
and New South Wales, coincident with a reduction in output in a
power station in Victoria, leading to the second highest demand in
the NEM wide history only after the heatwave of January 2009.

These extreme weather conditions and unusually high demand
events are low probability events; but they can still reoccur in the
future and need to be considered in the analysis. Moreover, as can
be seen in the next section, extreme weather conditions and peak
demands have significant influence on the capacity value of wind
power.
4. Results

4.1. Capacity value of wind power

Table 4 presents the results from the capacity value calculation
in absolute terms (MW) for all the eleven simulation scenarios at
20% wind penetration; the results are presented in percentage
terms in Fig. 8(aeg). Wind penetration level is measured as a ratio
between nameplate wind capacity and peak demand [5,18]. The
capacity values in all scenarios are measured at 95%e99% system
reliability target.

In general, capacity values vary, depending on the design of
simulation models. These value are affected by three factors
considered, namely, type of wind and load time series data (HS or
CI), number of wind farms and installed capacity, and number of
years considered in the simulation models. In absolute terms, ca
pacity values vary from 260 MW to 501 MW. That means out of the
3,145 MW of wind installed, wind power generation contributes to
peak demand between 260 MW and 501 MW, representing the
amount of firm capacity or equivalent thermal capacity could be
displaced by wind power. Mean capacity factors lie in the range of
30%e34%, i.e. overall, wind output accounts for 30%e34% of its
potential output at its nameplate capacity.

In percentage terms, capacity value of wind power is found to be
sensitive to the penetration level (Fig. 8aee). At extremely low
wind penetration level.

ity Capacity value
(MW)

Capacity value (% of wind
penetration)

Mean wind capacity
factor (%)

260 296 7.4 7.9 30.9

260 296 7.4 7.9 31.2

260 296 7.4 7.9 31.3

260 296 7.4 7.9 30.9

260 296 7.4 7.9 30.6

418 474 7.5 8.2 32.5

260 296 7.4 7.9 30.8

310 338 16.7 17.3 31.3

348 418 18.2 20.9 32.7

390 430 18.9 21.5 32.5

425 501 19.0 23.6 33.5



Fig. 8. (a): Wind capacity value in simulation 1 to 5 and 7 (HS-18-1; HS-18-3; HS-25-3; HS-25-8; HS-31-8; CI-12-1), (b): Wind capacity value in simulation 6 (HS-31-4), (c): Wind
capacity value in simulation 8 (CI-12-4), (d): Wind capacity value in simulation 9 (CI-18-4), (e): Wind capacity value in simulation 10(CI-18-3), (f): Wind capacity value in simulation
11 (CI-21-3), (g): Comparative wind capacity value in eleven simulation scenarios.
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5. Conclusion

This paper presents a comparison of capacity value of wind
power using an ELCC based method for eleven alternative simu
lation scenarios. Our results show that subjective factors can effect
capacity value estimates. The choice of a simulation approach
(historical sequencing or controlled interval), the number of wind
farms and installed wind capacity, as well as the time interval for
the wind and load data series all have significant impacts on ca
pacity value results. Therefore, caution needs to be taken in inter
preting and generalizing capacity value estimates because of the
sensitivity of these estimates to factors determined by the re
searcher's approach. Particularly for power systems that are
vulnerable to extreme high temperature events, capturing wind
and load data points from high risk periods in the calculation of
capacity values is important for informed policy design. In the case
of the Australian NEM power system, where extreme peak demand
periods occurred in nine days over the last 15 years, capturing these
unusual periods is critical for providing meaningful results. Ca
pacity values are pushed down by the insignificance of wind power
contribution to the super peak demand events from January 2009.
The simulations incorporating such extreme events suggest that
the capacity value of wind is in the range of 260e296MW (7%e9%).
For scenarios excluding the extreme events of Jan 2009, we find
that the capacity estimates are higher (above 300 MW). The esti
mates for the most recent periods simulated (August 2010 to
August 2013), we find the capacity value estimates are much higher
(ranging between just under 400 and 500 MW).

The ELCC basedmethodwe have used is a preferredmethod but
it requires intensive wind and demand data that can be difficult to
obtain but are crucial to capturing the extreme events that are
critical to the robustness of the calculation. Moreover, with the
gradual evolution of the power system, and the unpredictable
weather conditions and evolving demand behaviours, capacity
value estimates should not be taken as definite contribution values.
They should be regarded as indicative figures that aid policy mak
ing and investment decisions for electrical power systems.
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Abstract- This paper aims to estimate and compare
overall costs of generating electricity technologies in 
Australia by addressing the limitations in the financial 
model used by a number of recent published studies in 
Australia. The prevailing method and costing model focused 
on estimation of the private costs of electricity that has 
ignored to incorporate the importance of Government’s 
incentives in renewable energy technologies, additional costs 
of integrating intermittent generation into electric power 
networks. This paper’s findings show that intermittency 
costs could stop Australia investors adopting renewable 
energy technologies in short and medium term if no 
significant subsidies and investment in research and 
development (R&D) from the Government could be made.
Carbon capture and storage (CCS) could be a more 
economical option than renewables for Australia to meet the 
CO2 emission reduction target in long-term. 

Index Terms- Carbon Pricing, Costs of Generating 
Electricity, Government’s Subsidisation, Intermittent 
Renewable Integration Costs.

I. INTRODUCTION
The issue of carbon pricing and its impacts on costs of 

electricity in Australia have attracted increasing attention 
from industry participants, policy makers, scientists, and 
media. From 1 July 2012, each tonne of CO2-e emitted to 
the atmosphere will be charged at $23 and it will rise at 
2.5 per cent per annum with a three year fixed price 
period. This effective tax will transition to a flexible cap-
and-trade carbon pricing mechanism from 1 July 2015.

The presence of a carbon price and its transmission 
through electricity prices is intended to encourage 
generating companies to shift to more efficient and 
cleaner generating technologies such as switching from 
fossil fuel to renewable resources, develop and adopt 
low-emissions generation technologies, and close the 
emissions-intensive power plants. However, in order to 
obtain a balance on the risk-returns on investment in low-
carbon technologies for generating companies, hundreds 
of millions dollars of investment in technologies, research 
and development (R&D) and subsidies from the 
Government are required over coming decades. In the 
absence of sufficient and efficient investment and 
subsidies from the Government to the power sector, the 
national target to reduce Australia’s greenhouse gas 
emissions by up to 15 per cent below 2000 levels by the 

end of 2020 and an 80 per cent reduction by 2050 will not 
be achieved.

Given this environment, there is a need to have a 
basket of technologies with technical and commercial 
parameters available in the Australian context to facilitate 
improved investment decision-making associated with the 
existing and new technologies for both the electricity 
sector and public policy makers. The cost and 
performance of the available technologies are also inputs 
to work to determine the cost of economy-transforming 
structural change necessitated by a response to climate 
change and energy security.

II. LITERATURE REVIEW AND LIMITATIONS
OF THE RECENT STUDIES

There are two main research trends about costs of 
generating electricity in Australia recently. One focuses 
on establishing cost and performance database for a wide 
range of conventional and renewable generating 
technologies that applicable for each technology category 
considered in isolation such as [1, 2], [3], [4], [5], [6], [7,
8] while the others utilise these datasets to predict costs 
of generation technology mix that could be deployed for 
specific demand scenarios in Australia up to 2030-2040
such as [9], [10], [11], [12], [13], [14]. Although these 
studies are quite comprehensive and useful in covering 
the costs of generating electricity from a wide range of 
traditional and renewable technologies, a few critical 
limitations of these studies could be identified and 
improved.

First, the prevailing method to utilise Levelised Cost 
of Electricity (LCOE) criteria is inappropriate for 
comparing intermittent generating technologies like wind 
and solar with dispatchable generating technologies like 
nuclear, gas combined cycle, and coal because it fails to 
take into account differences in the production profiles of 
intermittent and dispatchable generating technologies 
[15]. It also effectively treats all MWhs supplied as a 
homogeneous product governed by the law of one price. 
Specifically, traditional levelised cost comparisons do not 
consider the market value of electricity supplied varies 
widely over the course of a typical year. As a 
consequence of its inappropriateness, levelised cost 
comparisons usually overvalue intermittent generating 
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technologies compared to dispatchable base load 
generating technologies. In order to avoid the 
inappropriateness of cost comparison, it is vital to 
incorporate the load factor of renewable power plants, 
back-up requirements, and storage capacity in the 
financial model of the intermittent generation 
technologies to make a more meaningful comparison with 
conventional generation technologies.

Second, most of the studies have yet considered the 
importance of Government’s subsidisation in renewable 
energy technologies which could affect the end-use price 
of electricity. In 2011, Australian Government’s has 
announced the total direct funding for renewable energy
technologies is about $4.5 billion running in the period of 
2016-2017 as part of the Australian Government’s $5.1 
billion Clean Energy Initiative and Programmes [16]. Till 
2011, Australia has contributed to the global low-
emissions technology commitment of $2.3 billion per 
annum [17]. Table 1 and 2 provide the Australia 
Government’s investment in low-emission technologies.

TABLE I
DIRECT AUSTRALIAN GOVERNMENT FUNDING FOR
INNOVATION IN LOW-EMISSIONS TECHNOLOGIES

Program Announced 
Fundinga

Carbon Capture 
and Storage and 
clean coal

Carbon Capture and Storage 
Flagships Program

$1.85 billion

National Low Emission Coal 
Initiative

$385 million

Solar

Solar Flagships Program $1.5 billion
Australian Solar Institute $150 million
Australian Centre for 
Renewable Energy Solar 
Projects

$92 million

Renewables

Emerging Renewables 
Program

$40 million

Renewable Energy Venture 
Capital Program

$100  million

Renewable Energy 
Demonstration Program

$235 million

Biofuels

Australian Biofuels Research 
Institute

$20 million

The Second Generation 
Biofuels Research and 
Development Program

$12.6 million

Storage Advanced Electricity Storage 
Technologies Program

$20 million

Wind Wind Energy Forecasting 
Capability Initiative

$14 million

Geothermal Geothermal Drilling Program $50 million
Source  Information collated by the Department of Resources, Energy 
and Tourism as cited by Garnaut Climate Change Review Update, 2011

TABLE II
GOVERNMENT INVESTMENT IN ENERGY RESEARCH, 

DEVELOPMENT AND DEMONSTRATION IN AUSTRALIA AND 
SELECTED COUNTRIES

Fuel Source Electricity 
Generation 
per year, 
(GWh)

Total Financial 
Subsidies 2009-
2011, $m

Financial 
Subsidies 
$A/MWh,
2009-2011(*)

                                                           
a Funding runs to 2016-2017

Hydro 19,685.0 27.1 0.7

Wind 6,432.0 2,995.7 232.9

Bioenergy 2,500.0 128 1 25.6

Solar PV & 
Thermal

684.4 5,271.1 3,850.9

Source  Clean Energy Council Renewable Energy Database, ABARE 
2011, and author calculation (*)

Third, in order to utilise electricity from renewable 
energy sources, there’s a need to incorporate into the 
financial model the cost of ensuring that the power 
system has sufficient capacity to meet peak loads or 
“adequacy costs”, the cost of ensuring that the power 
system can respond flexibly to demand changes at any 
given time or “balancing costs”, and “interconnection 
costs” are the cost of linking sources of supply to sources 
of demand. 

There are several estimates of the additional costs 
associated with wind-power in other developed countries 
such as UK. In a report for the Royal Academy of 
Engineering (RAE), it is estimated that intermittency 
costs could add around 45% to the costs for onshore wind 
and 30% to the costs for offshore wind in 2004 [18].
More recent and detailed estimates are provided in a 
paper undertaken for wind power generation in the 
Britain by UKERC. The estimated intermittency costs are 
of the order of £5 to £8/MWh, made up of £2 to £3/MWh 
from short-run balancing costs and £3 to £5/MWh from 
the cost of maintaining a higher system margin. [19] For 
comparison, the direct costs of wind generation would 
typically be approximately £30 to £55/MWh in the 
British conditions which means that intermittency costs 
account for 14-16 per cent of the total direct costs. This 
number is very significant that could not be ignored in the 
financial model to calculating costs of generation 
electricity. 

TABLE III
ADDITIONAL SYSTEM COSTS FOR ONSHORE AND 

OFFSHORE WIND (£/MWh) OF WIND GENERATED

Technology

Extra 
System 
Operation 
Costs

Capital 
Charges 
for 
Extra 
Planning 
Reserve

Total Capital 
Charges for 
Required 
Transmission

Total

Onshore 16 24 20 60
Offshore 16 28 23 67

Source  Ruth Lea, 2012

III. RECOMMENDED FORMULAS TO
ESTIMATE COSTS OF GENERATING ELECTRICITY

IN AUSTRALIA
A. Traditional Formula to Estimate Costs of 
Electricity

Estimates of the costs of electricity generation for 
different power sources were first made in the early 
1980s by the OECD/Nuclear Energy Agency (NEA). The 
formula is presented below which is consisting of three 
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main cost components: capital cost, fuel cost, and 
operational maintenance cost.

OECD Formula:
Costs of electricity generation= (capital costs + fuel 
costs + operational maintenance costs)/ amount of 
electric power generated

The formula used above by OECD/EPRI/ATSE is 
simple and easy to understand, however there are some 
crucial costs that do not fit into this formula including (i) 
Government’s incentives in renewable energy 
technologies, (ii) the cost of ensuring that the power 
system has sufficient capacity to meet peak loads or 
“adequacy cost”, the cost of ensuring that the power 
system can respond flexibly to demand changes at any 
given time or “balance cost”, and the cost of linking 
sources of supply to sources of demand or 
“interconnection cost”.

B. Recommended Formulas to Estimate Cost of 
Generating Electricity by Technologies

In order to upgrade the formulas used by OECD to 
accurately estimate the costs of electricity generation for 
various power sources and to facilitate better investment 
decision-making for both energy sector participants and 
public policy makers associated with power generation 
technology, this research proposes new formulas to 
estimate cost of generating electricity by technologies for 
Australia as below:
Cost of electricity generation = (Capital Cost + Fuel 
Cost + Operational Maintenance Cost + Emission 
Costb + Integrated Renewable Costc + Government’s 
Subsidisation)/ amount of electric power generated

IV. ELECTRICITY GENERATION
TECHNOLOGIES IN AUSTRALIA

This paper focuses on key fourteen (14) central station 
technologies of current and future interest to Australia 
using the following technologies: Pulverised Coal (PC), 
Integrated Gasification Combined Cycle (IGCC), 
Combined Cycle Gas Turbine (CCGT), Solar Thermal, 
Solar Photovoltaic, Wind, and Geothermal. Other energy 
resources such as hydroelectric, biomass, tidal/wave and 
nuclear haven’t been considered in this paper. Details of 
technologies and their capacities are presented in the sub-
sections. 
A. Fossil Fuel Technologies 

The most commonly used fossil fuels for power 
generation in Australia are coal and gas. Places that coal 
and gas are not readily available, oil is still used for 
electricity generation. Coal and gas altogether currently 

                                                           
b Emission cost includes carbon tax per tonne of CO2 emitted to the 
atmosphere. External costs of CO2 emission are considered as part of 
the Government’s subsidies. Emission cost for renewables (solar, wind, 
geothermal) is equal to zero in this paper. 
c Applied to renewable energy technologies only

account for over 90 per cent of total electricity supply in 
Australia.

In a conventional coal-fired power station, pulverised 
or powdered coal (PC) is blown into a combustion 
chamber where it is burned at high temperature. The 
resulting heat is used to convert water flowing through 
pipes lining the boiler into steam. This drives a steam 
turbine and generates electricity. Over 90% of global 
coal-fired capacity uses this system. The PC plants can 
vary in capacity from a few hundred megawatts up to 
several thousand. In this paper, PC (black and brown 
coal) plants are 750MWe (sent-out basis capacity). 

In order to improve the environmental performance of 
conventional coal combustion, a number of advanced 
technologies have been introduced. These include coal 
cleaning (to reduce the ash content) and various ‘bolton’ 
or ‘end-of-pipe’ technologies to reduce emissions of 
particulates, sulphur dioxide and nitrogen oxide, the main 
pollutants resulting from coal firing apart from carbon 
dioxide. Flue gas desulphurisation (FGD), for example, 
most commonly involves ‘scrubbing’ the flue gases using 
an alkaline sorbent slurry, which is predominantly lime or 
limestone based. 

More fundamental changes have been made to the way 
coal is burned to both improve its efficiency and further 
reduce emissions of pollutants. These include:
(a) Integrated gasification combined cycle (IGCC): Coal 

is not burned directly but reacted with oxygen and 
steam to form a synthetic gas composed mainly of 
hydrogen and carbon monoxide. IGCC improves the 
efficiency of coal combustion from 38-40% up to 
50%. 

(b) Supercritical and ultrasupercritical: These power 
plants operate at higher temperatures than 
conventional combustion, again increasing efficiency 
towards 50%. 

(c) Fluidised bed combustion: Coal is burned in a reactor 
comprised of a bed through which gas is fed to keep 
the fuel in a turbulent state. This improves 
combustion, heat transfer and the recovery of waste 
products. By elevating pressures within a bed, a 
high-pressure gas stream can be used to drive a gas
turbine, generating electricity. Emissions of both 
sulphur dioxide and nitrogen oxide can be reduced 
substantially. 

(d) Pressurised pulverised coal combustion: Mainly 
being developed in Germany, this is based on the
combustion of a finely ground cloud of coal particles 
creating high pressure, high temperature steam for 
power generation. The hot flue gases are used to 
generate electricity in a similar way to the combined 
cycle system. 

This paper, however does not consider all of the 
mentioned above technologies, only eight fossil fuel-
based technology options are examined as below:
IGCC black coal: 700-800MW
IGCC black coal with CCS (85-90%): 600-700MW
PC brown coal: 750MW
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PC brown coal with CCS: 750MW
PC black coal: 750MW
PC black coal with CCS: 750MW
CCGT without CCS: 600-800MW
CCGT with CCS: 500-700MW

B. Renewable Technologies
Renewable technologies produce clean energy from 

sources such as the sun, the wind, plants, and water. In 
Australia, the contribution of renewable energy reached 
9.6 per cent of the total electricity produced during 2010-
2011. Three types of renewable energy technologies are 
examined in this paper:

(a) Solar Thermal/Photovoltaic Technologies
Solar thermal technologies use sunlight to heat a 

medium and then use that medium to drive a power 
generation system. By using mirrors, the sun’s energy can 
be concentrated up to approximately 1,000 times. The 
concentrated sunlight is then focused onto a receiver 
containing a gas or liquid that is heated to high 
temperatures and used to generate steam that is delivered 
to a steam turbine that generate power. There are two 
typical solar thermal technologies namely parabolic 
trough and central receiver tower. Both of these systems
are based on the concept of concentrating direct normal 
irradiation to produce steam used in electricity generation 
steam turbine cycles. 

Unlike solar thermal, solar photovoltaic (PV) 
technology converted sunlight directly into electricity 
using semiconductor materials that produce electric 
currents when exposed to light. PV technology can be 
installed as fixed plates on roofs or a large field and can 
be mounted on tracking devices that have single axis and 
two axis tracking. PV technology however is still 
evolving and has not yet reached mature commercial 
status. 

(b) Wind Technologies
Wind energy technologies use the energy in wind for 

practical purposes such as generating electricity, charging 
batteries, pumping water, and grinding grain.

Most wind energy technologies can be used as stand-
alone applications, connected to a utility power grid, or 
even combined with a photovoltaic system. For utility-
scale sources of wind energy, a large number of turbines 
are usually built close together to form a wind farm that 
provides grid power. Several electricity providers use 
wind farms to supply power to their customers.

In the recent years, wind has been the fastest growing 
form of electricity generation in the world. Wind energy 
is the second largest renewable source of renewable 
electricity generation (account for 22 per cent after hydro 
(67.2%) in Australia in 2010-2011. However, almost 
wind resource available to date is on-shore wind. Off-
shore wind has a lot of potential development in future.

(c) Geothermal Technologies

Geothermal power plants use the earth’s heat— in the 
form of underground steam or hot water— to spin a 
turbine and generate electricity. Wells hundreds to 
thousands of feet deep are used to deliver the hot fluid to 
the power plant on the surface, where the heat is 
converted to electrical energy. Nearly all the water is 
returned to the reservoir through injection wells to be 
reheated. The three types of commercial geothermal
power plants are dry steam plants that use resources of 
pure steam, flash steam and binary cycle plants that tap 
reservoirs of hot water. A system which is best suited for 
Australia is based on a binary configuration [4]

The following six renewable energy technologies and 
their capacities are selected for assessment in this paper:
Solar thermal parabolic trough with 6hrs storage: 200-
300MW
Solar thermal central receiver with 6hrs storage: 200-
300MW
Solar photovoltaic fixed flat plate: 10x5MW
Wind onshore class 4: 25x2 MW
Geothermal (hot sedimentary aquifer (HAS) binary: 
30MW
Geothermal hot rock (HR): 10-25MW.

V. COMPARISONS OF COSTS WITH
CONSIDERATION OF EMISSION COST,

GOVERNMENT’S SUBSIDISATION, AND
INTEGRATED RENWABLE COSTd

A. Data Sources and Methodology
Capital cost, operation and maintenance cost, and 

emission cost data were obtained for twelve generation 
technologies in Australia from many different sources 
including Electric Power Research Institute (EPRI), the 
Australian Bureau of Agricultural and Research 
Economics and Sciences (ABARES), Bureau of 
Resources and Energy Economics (BREE), Australian 
Academy of Technological Sciences and Engineering 
(ATST),  ACIL Tasman, Worley Parsons, Melbourne 
Energy Research Institute, Garnaut Review Update,
CSIRO, McLennan Magasanik Associates (MMA) and 
International Energy Agency (IEA). A key comparative 
cost across technologies is the Levelised Cost of 
Electricity (LCOE)e that is expressed in real Australian 
dollars per Megawatt hour of electricity generation 
($/MWh). While LCOE is an invaluable tool for 
comparing technology costs, power generation 
companies and/or investors who wish to choose a 
technology to deploy would also need to consider other 
criteria such as site-specific costs, technology 

                                                           
d This paper used both terminologies (integrated renewable cost and 
intermittency cost), but referred to a same meaning.
e The LCOE is the price at which electricity must be generated from a 
specific plant to break even, taking into account the costs incurred 
over the life of the plant (capital cost, cost of capital/financing, 
operations and maintenance costs, cost of fuel, carbon price and CO2

sequestration). LCOE is equivalent to a long-run marginal cost of 
electricity generation
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performance characteristics and experience with the 
technology prior to any final investment decision.

A number of studies into electricity generation costs 
have been conducted over the past few years in 
Australia and overseas, thus this paper does not
necessary re-calculate the LCOE. It thus aims to 
estimate the additional costs of integrated renewables 
into the grid, and the Government’s subsidisation  
which including (a) financial support in terms of rebates, 
guaranteed tariffs, or favourable tax treatment, b) funding 
of research and development (R&D), and through 
externalities shouldered by the taxpayer or future 
generations, for example hidden cost of environmental or 
health impacts financial subsides [20]. While there is 
general consistency between data values from various 
sources, there are notable differences. Differences in 
costs arise primarily from macroeconomic factors and 
technical assumptions. This paper thus will use the 
range value for the estimation. 

B. Findings
Table IV and figure 1 provide the estimated overall cost 
of electricity generation technologies for the period 2010-
2030 between Australian studies. The key findings may 
be drawn from this paper are as below:

Excluding intermittency cost and Government’s 
subsidisation, on-shore wind and CCGT
technologies (with and without CCS) would be the 
cheapest form of generation whilst solar PV is the 
most expensive option for both the near-term and 
medium-term projects. 
Including intermittency cost and Government’s 
subsidisation, fossil-fuel technologies with and
without CCS become the most preferable form of 
generation because they have relatively lowest 
overall cost ($/MWh) for both near-term and 
medium-term. Renewable technologies (solar, wind 
and geothermal) among the most expensive 
generation technologies especially solar 
photovoltaic and solar thermal.
Intermittency costs account for about 40-70% of 
renewable capital cost, which means that 
intermittency could stop Australian investors to 
adopt renewable energy technologies in short and 
medium term if no significant and stable subsidies 
from the Government could be made in R&D.
Investment in CCS technologies could be a better 
option than adopting renewable technologies in 
long term to help Australian Government to meet 
its target to reduce CO2 emission because CCS 
technologies require less Government’s subsidies in 
technologies than renewable and no intermittency 
cost.
Australia has many natural advantages in using 
renewable energy like solar and wind; however 
integrating renewable energy into the national grid 
may be inordinately expensive. There is still very 
little information about what network problems
intermittent renewable generation might cause or 

how to deal with them in Australian context, thus this 
paper has adopted a simplified calculation to 
estimate the intermittency cost. Future improvement 
in estimating intermittency cost is required to 
provide more accurate information for Australian 
investors and Government. 

TABLE IV
COMPARISON OF OVERALL COST OF ELECTRICITY 

GENERATION TECHNOLOGIES BETWEEN STUDIES IN 2010-
2030 ($A/MWh)

T
E

C
H

N
O

L
O

G
Y AETA

2012
ACIL 
Tasman
2011

EPRI 
2010

ATSE 
2020

MMA 
2020

ATSE 
2030

MMA
2030

IG
C

C
 b

la
ck

 c
oa

l

Technology & 
Emission Cost 
(TEC)f, $/MWh

183 107 130 130 99 145 110

Government’s 
Subsidisation 
(GS)g, $/MWh

21 21 21 21 21 0 0

Integrated 
Renewable Cost 
(IRC)h, $/MWh

73 43 52 52 40 58 44

TEC + GS+ IRC, 
$/MWh

277 171 203 203 160 203 154

IG
C

C
 b

la
ck

 c
oa

l w
ith

 C
C

S Technology & 
Emission Cost 
(TEC), $/MWh

223 197 213 188 101 146 98

Government’s 
Subsidisation 
(GS), $/MWh

33 33 33 78 78 56 56

Integrated 
Renewable Cost 
(IRC), $/MWh

89 79 85 75 40 58 39

TEC + GS+ IRC, 
$/MWh

346 308 332 342 220 260 193

Su
pe

rc
ri

tic
al

 
pu

lv
er

ise
d 

br
ow

n 
co

al

Technology & 
Emission Cost 
(TEC), $/MWh

162 72 91 110 105 120 90

Government’s 
Subsidisation 
(GS), $/MWh

28 28 28 28 28 0 0

Integrated 
Renewable Cost 
(IRC), $/MWh

65 29 36 44 42 48 36

                                                           
f Technology cost (capital & operating maintenance costs) and emission 
cost (CO2 price) are collected from ATEA, ACIL Tasman, ATSE, 
EPRI, and MMA
g Author calculation: annual Government’s subsidisations = (annual 
financial funding financial support + funding of R&D + 
externalities)/annual MWh produced by type of generation technology.  
Data collected from Jeremy Badcock, Manfred Lenzen (2010), 
Australian Government-Clean Energy Report (2011), ABARES (2011),
BREE (2011), adjusted values by inflation rate  at 2.2% and 0.2% 
annual growth rate (Australia Bureau of Statistic, 2012), Purchasing 
Power Parity (PPP) at 1.3 (World Bank, 2012), to estimate the 
subsidisation dollar values for each technology.
h Author calculation: additional integrated renewable cost for wind = 
Extra system operation cost + Capital charges for extra planning reserve 
+ capital charges for required transmission (Ruth, 2012). Intermittency 
costs in Australia are of the order of $A7-12/MWh which accounts for 
about 40 per cent of total capital cost (very close to the findings in 
Britain from £5 to £8/MWh (UKREC, 2006). For solar thermal and 
photovoltaic, additional integrated renewable costs accounts for 45 and 
70 per cent of total capital cost respectively (CSIRO, 2011). 
Intermittency cost of geothermal however accounts for about 20-30 per 
cent of capital cost which is used many calculations in Australia 
(Garnaut, 2011). 
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T
E

C
H

N
O

L
O

G
Y AETA

2012
ACIL 
Tasman
2011

EPRI 
2010

ATSE 
2020

MMA 
2020

ATSE 
2030

MMA
2030

TEC + GS+ IRC, 
$/MWh

255 128 155 182 175 168 126

Su
pe

rc
ri

tic
al

 p
ul

ve
ri

se
d 

br
ow

n 
co

al
 w

ith
 C

C
S

Technology & 
Emission Cost 
(TEC), $/MWh

205 144 191 170 165 165 160

Government’s 
Subsidisation 
(GS)i, $/MWh

33 33 33 78 78 56 56

Integrated 
Renewable Cost 
(IRC), $/MWh

82 58 76 68 66 66 64

TEC + GS+ IRC, 
$/MWh

320 235 301 316 309 287 280

Su
pe

rc
ri

tic
al

 p
ul

ve
ri

se
d 

bl
ac

k 
co

al

Technology & 
Emission Cost 
(TEC), $/MWh

140 64 78 95 97 110 117

Government’s 
Subsidisation 
(GS), $/MWh

21 21 21 21 21 0 0

Integrated 
Renewable Cost 
(IRC), $/MWh

56 26 31 38 39 44 47

TEC + GS+ IRC, 
$/MWh

217 111 131 154 157 154 164

Su
pe

rc
ri

tic
al

 p
ul

ve
ri

se
d 

bl
ac

k 
co

al
 w

ith
 C

C
S

Technology & 
Emission Cost 
(TEC), $/MWh

184 176 167 190 107 145 109

Government’s 
Subsidisation 
(GS), $/MWh

33 33 33 78 78 56 56

Integrated 
Renewable Cost 
(IRC), $/MWh

73 70 67 76 43 58 44

TEC + GS+ IRC, 
$/MWh

290 280 267 344 228 259 208

C
C

G
T

Technology & 
Emission Cost 
(TEC), $/MWh

102 62 97 65 88 80 95

Government’s 
Subsidisation 
(GS), $/MWh

21 21 21 21 21 21 21

Integrated 
Renewable Cost 
(IRC), $/MWh

41 25 39 26 35 32 38

TEC + GS+ IRC, 
$/MWh

164 108 157 112 145 133 154

C
C

G
T

 w
ith

 C
C

S

Technology & 
Emission Cost 
(TEC), $/MWh

154 103 153 100 104 95 102

Government’s 
Subsidisation 
(GS), $/MWh

33 33 33 78 78 56 56

Integrated 
Renewable Cost 
(IRC), $/MWh

62 41 61 40 42 38 41

TEC + GS+ IRC, 
$/MWh

249 178 248 218 224 189 198

So
la

r 
th

er
m

al
 –

pa
ra

bo
lic

 tr
ou

gh
 

w
ith

st
or

ag
e

Technology & 
Emission Cost 
(TEC), $/MWh

358 347 452 250 250 210 229

Government’s 
Subsidisation
(GS), $/MWh

3,851 3,851 3,851 3,851 3,851 1,0201,020

Integrated 
Renewable Cost 
(IRC), $/MWh

250 243 316 175 175 147 160

                                                           
i

 

T
E

C
H

N
O

L
O

G
Y AETA

2012
ACIL 
Tasman
2011

EPRI 
2010

ATSE 
2020

MMA 
2020

ATSE 
2030

MMA
2030

TEC + GS+ IRC, 
$/MWh

4,459 4,440 4,618 4,276 4,276 1,3771,409

So
la

r 
th

er
m

al
 –

ce
nt

ra
l 

re
ce

iv
er

 w
ith

 st
or

ag
e

Technology & 
Emission Cost 
(TEC), $/MWh

328 261 339 260 245 157 150

Government’s 
Subsidisation 
(GS), $/MWh

3,851 3,851 3,851 3,851 3,851 1,0201,020

Integrated 
Renewable Cost 
(IRC), $/MWh

230 183 237 182 172 110 105

TEC + GS+ IRC, 
$/MWh

4,409 4,295 4,427 4,293 4,267 1,2871,275

PV
 –

du
al

 a
xi

s t
ra

ck
in

g

Technology & 
Emission Cost 
(TEC), $/MWh

311 300 364 210 180 271 259

Government’s 
Subsidisation 
(GS), $/MWh

3,851 3,851 3,851 3,851 3,851 1,0201,020

Integrated 
Renewable Cost 
(IRC), $/MWh

217 210 254 147 126 190 181

TEC + GS+ IRC, 
$/MWh

4,379 4,361 4,469 4,208 4,157 1,4811,460

W
in

d 
–

on
-s

ho
re

Technology & 
Emission Cost 
(TEC), $/MWh

117 127 165 98 100 102 96

Government’s 
Subsidisation 
(GS), $/MWh

233 233 233 750 750 600 600

Integrated 
Renewable Cost 
(IRC), $/MWh

70 76 99 59 60 61 58

TEC + GS+ IRC, 
$/MWh

419 435 496 907 910 763 754

G
eo

th
er

m
al

 –
ho

t 
se

di
m

en
ta

ry
 a

qu
ife

r

Technology & 
Emission Cost 
(TEC), $/MWh

157 136 117 105 97 100 93

Government’s 
Subsidisation 
(GS), $/MWh

2,300 2,300 2,300 1,500 1,500 1,1001,100

Integrated 
Renewable Cost 
(IRC), $/MWh

31 27 23 21 19 20 19

TEC + GS+ IRC, 
$/MWh

2,488 2,463 2,440 1,626 1,616 1,2201,212

G
eo

th
er

m
al

 –
ho

t r
oc

k

Technology & 
Emission Cost 
(TEC), $/MWh

219 146 167 100 99 115 95

Government’s 
Subsidisation 
(GS), $/MWh

2,300 2,300 2,300 1,500 1,500 1,1001,100

Integrated 
Renewable Cost 
(IRC), $/MWh

44 29 33 20 20 23 19

TEC + GS+ IRC, 
$/MWh

2,562 2,475 2,500 1,620 1,619 1,2381,214
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APPENDIX 3: 

CAPACITY COST FUNCTION 



Appendix 3: Relationship of Capacity Cost, Capacity Credit and Wind Penetration Rate 

 

In Chapter 4, the eleven simulation models have been developed to produce 

capacity value of wind power with wind penetration level varies from 0% -20%. These 

results are used in this section to estimate the capacity cost as a function of wind 

penetration level. 

First, this thesis calculates capacity cost with different wind penetration level using 

the method presented in section 3 of chapter 4. The relationship between wind 

penetration level, capacity credit (or capacity value), and capacity cost is shown in 

Figure 1: 

 

Figure 1 : Relationship between Wind Penetration Rate, Capacity Credit and Capacity 

Cost 

 



The nine blocks graph above presents the relationship between three factors: wind 

penetration level, capacity credit, and capacity cost. Each block represents the 

relationship between two factors with each factor is placed in the X or Y axis. For 

example, the second block in the far left represents the relationship between wind 

penetration rate (values in X axis) and wind capacity credit (values in Y axis). Similarly, 

the third block in the left hand side shows the correlation between wind penetration 

rate (values in X axis) and capacity cost (values in Y axis).  

The accelerating curve of capacity cost and wind penetration rate suggests either 

an exponential relationship or a power relationship. The research results from 

literature show that the higher the wind penetration rate is, the lower the integration 

cost margin will be [10]. Beyond a high level wind penetration level (e.g. 50%-60%), 

wind has less significant impact on the system because of the “smoothing effect” or 

“economies of scale” [23] . Wind penetration level has a decreasing negative impact 

on the system at a point where the power systems can bear all the changes tech-social 

factors such as technologies, institution, and infrastructures, etc. This finding is similar 

to the “Carbon lock-in” function published by Unruh [24] that has logistic growth curve.  

A common simple logistic growth model has the formula: 

y = m(x +θ) + ε 

= 
𝜃1

1+exp[−(𝜃2+𝜃3∗𝑥)]
+ 𝜀 

Where Y is response variable and x is predictor. Notation m(x +θ) is for the mean 

function, which depends on a possibly vector-valued parameter θ and a possibly 

vector-valued predictor x, here the single predictor x. 

The logistic growth function is applied with a non-linear regression model is 

developed for the relationship between capacity cost and wind penetration rate. 

 

  

Figure 2: Exponential Relationship between Capacity Cost and Wind Penetration rate 

 

a. Fitting non-linear regression with nls function 



 

Formula: ObservationCost ~ θ1/(1 + exp(-(θ2 + θ3 * WindPenetrationRate))) 

Parameters: 

Estimate Std. Error t value Pr(>|t|)     

θ1 6240.5793   987.8714   6.317 1.72e-08 *** 

θ2   -4.2513     0.1164 -36.508  < 2e-16 *** 

θ3   17.6981     0.6124  28.898  < 2e-16 *** 

 

The parameter estimates with the corresponding estimated standard errors, t-test 

statistics (estimate/standard error) for evaluating null hypotheses that the model 

parameters could be equal to 0 (H0 : θ = 0) along with the corresponding p values 

calculated using a t distribution as reference distribution (in this case t distribution with 

75 degrees of freedom was used). The residual sum of squares RSSmin = 145000 and the 

residual standard error (√𝑅𝑆𝑆𝑚𝑖𝑛/75 = 43.96) are also reported, reflecting the 

variation within the walk test that is due to the device used. The number of steps 

needed for finding the parameters is also reported (numbers =7 indicatives of good 

starting values of the non-linear regression model). 

The corresponding 95% t-based confidence intervals (in this case percentiles from 

the t distribution with 33 degrees of freedom), Accordingly reported p values and 

confidence intervals are in agreement.  

The estimated correlation matrix is reported. This piece of output allows 

assessment of the degree of correlation between the parameter estimates in order to 

detect highly correlated parameters that may indicate redundancies. In this model, the 

highest correlation is 0.8 between parameter b and c which does not indicate any 

problem.  

 

b. Assessing the goodness of fit through the residuals 

The research examines the quality of the obtained nonlinear regression model fit 

based on the residuals calculated from the fit as follows: 

 



Standardized residuals are obtained by dividing the mean residuals by the residual 

standard error. Figure 6.10 show the four-panel display: The top left is a plot of raw 

residuals against fitted values which is useful for assessing whether or not the chosen 

model equation is appropriate. The top right panel show the plot of the standardized 

residuals vs. the fitted values is useful for evaluation if there is any indication of 

variance inhomogeneity, which would show up as an uneven spread across the range 

of the fitted values. The bottom left panel is the plot of each raw residual versus the 

previous raw residual (lag one) that may be useful to detect correlation along the scale 

of the independent variable. The bottom right panel indicates the normal probability 

plot (or QQ plot) compares the standardized residuals versus the theoretical values 

from a standard normal distribution, both of which are expected to range from -2 to 2 

for most of the values. 

 

Figure 3: Assessing the Goodness of Fit through the Residuals 

 



c. Confidence Region 

The research further assesses the goodness of fit of the model by identifying the 

confidence region. The Figure 4 displays the contours based on the residual sum of 

squares (RSS). The contours represented by a red dotted line correspond to the section 

of the Beale's 95% confidence region. These contours, which are expected to be close 

to elliptical curves as long as the error model is valid, allow an evaluation of the two-

dimensional confidence regions as compared to the one-dimensional confidence 

intervals that are routinely used. 

 

Figure 5 shows the projections of the confidence region according to the Beale's 

criterion. The dashed red frames around the confidence regions correspond to the 

limits of the sampling regions. 

 

Figure 4: Residual Sum of Square (RSS) Contours for the Three Pairs of Two 

Parameters 





 

The capacity cost curve is projected using the logistic growth function identified in 

section a, b, and c. Capacity cost increases rapidly when wind penetration level reaches 

about 14% up to about 55%, the capacity cost curve is almost flat. At the low level of 

integration of wind power, the power system has little impact by wind generation, and 

similarly at extremely high level of integration, the impact of wind power has reached 

the saturation level where the power system can bear the changes (e.g. technical, 

infrastructure and human resources). This function is basically the core component of 

integration cost function that we applied in Chapter 6 in the least cost optimisation 

model for long-term capacity planning in the NEM. As NEM operates in 5’ dispatch 

interval, the balancing cost is minimal compare to capacity cost. Detail of balancing 

cost is presented in Chapter 6. 

 




