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Abstract—Wind generation variability in an energy-only market
such Australian National Electricity Market (NEM) can create
significant revenue uncertainties for incumbent generators and
substantially increase price risks faced by retailers. This paper
presents a Cournot game model to formally analyze how high
volatility of wind generation in a concentrated energy-only market
can raise the peak/shoulder period (of typically low wind genera-
tion) prices to offset the foregone revenue during off-peak periods
(of high wind generation). A Monte Carlo simulation around a
Cournot game is formulated as an inter-temporal nonlinear opti-
mization problem to assess these issues. The model is implemented
for the South Australian zone of the Australian NEM that has
experienced high growth in wind generation in recent years. The
model results support some of the observed spot pricing behavior
in the region in recent years. These findings have significant ram-
ifications for the efficacy of the energy-only market in scenarios
with high penetration of intermittent generation.

Index Terms—Australian electricity market, Cournot game,
inter-temporal optimization, wind power variability.

I. INTRODUCTION

A. Wind Variability and Prices in an Energy-Only Market

G AMING, or market power issues, in electricity markets

have been extensively researched using a range of analyt-

ical models since the late nineties, e.g., [1]–[4]. Game-theoretic

models have been applied in recent years to practical issues such

as formal investigations in major asset acquisitions andmergers,

as well as market monitoring and anti-competitive behavior by

regulatory commissions [5]. Theoretical gaming models in the

economics literature have grown in sophistication to deal with

transmission constraints [1], [2], [4] and ancillary services [6].

Market power refers to the ability of generators, usually with

a significant market share, to raise prices above their marginal
cost for a sustained period of time. Market power concerns in

spot markets have been leveled against some of the dominant

generation companies (gencos) who possess substantial power

in several markets including the National Electricity Market
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(NEM) in Australia. The opportunities to exercise market power

have traditionally been associated with low reserve conditions,

primarily due to excursions in peak demand, and/or unforeseen

outages of major generators, or transmission lines.

As the share of intermittent generation increases in many

power markets around the world, there are potentially supply

fluctuation issues that may provide the (nonintermittent) gen-
eration providers an opportunity to “game” or unfairly influ-
ence the market. This is particularly true for an energy-only

market with a high degree of wind penetration such as the South

Australian region of the Australian National Electricity Market.

Since generators in an energy-only market rely primarily on

the energy output, absent any compensation for capacity avail-

ability, a high share of wind generation can cause predominantly

thermal baseload portfolio owners two problems: 1) on average,

it reduces market share of baseload gencos that would typi-

cally operate at 80% or higher capacity factor, especially during

off-peak periods; and 2) it increases the volatility of output due

to significant inter-annual variability which prevents planning
any new capacity addition.

A counterbalancing situation occurs when wind generation

drops or disappears altogether. In those cases, the market is

dominated by firm generation sources who can profitably raise
prices above their marginal cost potentially well above their

costs—during peak periods. As the baseload gencos expec-

tation of cost recovery during off-peak periods in high-wind

periods/days diminishes, opportunistic bidding during limited

peak periods (e.g., during hot summer days) may disproportion-

ately increase. As a consequence, the price duration curve in

such a market may become increasingly skewed. Peak/shoulder

period prices may increase including significant price spikes
during low-wind periods. Off-peak period prices, on the other

hand, would be depressed possibly below the marginal cost of

baseload generation.

Market power implications of wind variability, which may

help regulators, policy makers, and market participants to

better understand these dynamics, have not been studied in

the literature. Such an analysis requires extensions to the tra-

ditional Cournot model first, to capture variability associated
with wind generation, and, second, to capture inter-temporal

linkages across peak/off-peak bidding behavior. This paper

develops first a theoretical extension to the Cournot model to
deal with these two issues, followed by an application of the

model to South Australian region of the NEM. The relevant

South Australian power system issues are discussed next before

introducing the modeling framework, which is then followed

by an application of the model to this market for a recent year.
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Fig. 1. Distribution of wind generation during summer peak period. Data
source AEMO [7].

B. Context: South Australia Power System

The South Australian region of NEM is a relatively small

(3400 MW peak in summer) and concentrated (with three

players accounting for more than 70% of the market share)

part of the national electricity market. Since 2005/2006, wind

generation capacity has grown from less than 400 MW to over

1200 MW in early 2013. Wind accounted for 26% of annual

generation in 2012, already well in excess of the 20% National

Renewable Energy Target (RET) set for 2020. The contribution

of wind during hot summer days or winter peak days has,

however, been very limited.

Availability of wind generation during peak demand pe-

riods has been relatively poor. Historic data analyzed by the

Australian Energy Market Operator (AEMO) [7] suggests that

only 8% of the installed capacity has been available during the

highest 10% of demand periods in summer and winter [7]. In

other words, the “firmness” of wind capacity has demonstrably
been poor. Fig. 1, which is reproduced from the AEMO report,

shows the distribution of wind generation during peak for the

last four years that shows relatively poor availability during

peak period, although increased diversity of wind has improved

the performance in 2011/2012 relative to the previous years.

This wind generation distribution is one of the key drivers

of prices and a major input to the Monte Carlo simulation

modeling analysis, which we will discuss in a later section.

Fig. 2 shows the spot prices for the South Australian regional

reference node for 2002, before any significant wind entry
occurred in the market, and 2012. The peak and shoulder

prices have clearly increased significantly, which can be partly
explained by demand growth and the introduction of carbon

price from 1 July 2012. In 2002, the prices exceeded $60/MWh,

which is above the carbon price-adjusted Short Run Marginal

Cost for all baseload stations in South Australia, for less than

700 half-hour periods. In comparison, the prices in 2012 ex-

ceeded this mark for nearly 3000 half hours.

There has also been a high degree of correlation between

extremely high prices with all of the Value of Lost Load (VoLL)

price events ($12 500/MWh) occurring when wind generation

Fig. 2. South Australian spot prices (AUD/MWh).

was below 200 MWh. High wind generation, on the other hand,

has more frequently pushed prices to a negative level. In 2012,

prices for the bottom 1000 half-hour period averaged AUD

7.3/MWh, compared with AUD 10.4/MWh in 2002.

Market power allegations have been leveled against some of

the dominant South Australian generators in the past. Some of

the baseload generators have allegedly withheld capacity to op-

erate between 42% and 57% capacity factor to influence spot
prices to exceed AUD 10 000/MWh during 2008–2011. Moun-

tain [8], [9] has analyzed market power issues in South Aus-

tralia, including the role played by wind. While wind power has

met a considerable part of off-peak demand, it has contributed

very little to peak demand and exacerbated the market power

situation. Nevertheless, Mountain [9] made a valid observation

that wind power generators gain relatively less from any exer-

cise of market power. Twomey and Neuhoff [10], among others,

have essentially made the same observations based on a theoret-

ical analysis.

Dai and Qiao [11] have recently presented a stochastic pro-

gramming approach to determine the optimal bidding strategy

for wind and other conventional generators in the face of wind

power variability. They have used stylized two-player gaming

models as well as real-life price data to show how wind gen-

erators can offset the uncertainty in their production through

purchasing cheaper reserve power to reduce or avoid higher

real-time penalties as well as to reduce the cost for negative en-

ergy deviations in the real-time market. The approach followed

by Dai and Qiao is different (namely, a stochastic program-

ming model with simulation of strategies) from ours (namely,

a Monte Carlo simulation with Cournot Nash equilibrium). Al-

though the methodology and application issues are somewhat

different from the work we have presented here, Dai and Qiao

[11] also show that increased volatility of prices may present a

major risk to wind generators.

There have been other studies in recent years that have

studied the relationship between electricity spot prices and

wind penetration using statistical/econometric models. Gil and

Lin [12], for instance, have developed an econometric model

for the PJM market to study the impact of wind generation

on day-ahead market prices. Morales et al. [13] uses a market
clearing model to assess the impact of varying level of wind

on locational marginal price mean and volatility that enables
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statistical characterization of locational spot prices throughout

the network. Correlation among wind power plants. Wei et
al. [14] also used a random distribution of wind embedded in
a speed-MW curve to assess its impact on the probabilistic

distribution of locational marginal prices. However, these

studies [12]–[14] do not take into account the market power

impact, e.g., Morales et al. [13] “disregards the collateral effect
of strategic offering.”

C. Contributions

The contributions of this paper include the following.

• We first provide a theoretical exposition as to how the Nash
equilibrium may be calculated using a single optimiza-

tion problem that embodies individual players’ profit max-
imization conditions. It provides a framework to quantify

the impacts of market power on prices. We have, for in-

stance, shown where prices would be absent such market

power or a competitive benchmark price that is vitally im-

portant for regulatory intervention.

• We will present an extension to the Cournot model to deal

with intertemporal ramping and annual energy limits and

random variability in wind generation. The model is a ro-

bust way of demonstrating the impact of wind variability

on market power. Twomey and Neuhoff (2010) [10]

provided the first theoretical analysis around a Cournot
model of some of the generic effects. Our work is an

improvement over this in terms of using a more practical

Cournot model including some of the market realities

(namely, ramping, transmission, and reserve) and for a

real-life market situation.

• We will present an application of the model for South Aus-

tralian market to analyze the price impact of high pene-

tration of wind in an energy-only market. The South Aus-

tralian case study is demonstrating for the first time that
a combination of high wind variability and market power

accounts for a significant increase in market power. A cali-
brated Cournot model using actual market data was needed

to get to such a factual conclusion. In particular, the case

study: 1) provides a theoretical foundation for the actual

price events that have occurred in a real-life market, i.e.,

demonstrate that there is an increase in market power, and

further quantify the impact relative to a competitive bench-

mark; 2) shows how this impact would vary across peak

and off-peak periods and for different wind conditions; and

3) shows how the larger gencos may specifically benefit
from exercise of market power through opportunistic bid-

ding during low wind conditions.

The remainder of this paper is organized as follows. The next

section presents the theoretical framework deployed for the

analysis and a mathematical description of the inter-temporal

transmission constrained conjectural variation (CV) model.

In Section III, we have presented a case study for the South

Australian region. Section IV concludes the paper by way of

drawing the implications of the modeling analysis for market

design.

II. GAME-THEORETIC MODEL AND ANALYSIS

In order to simulate the impact of wind variability on market

power, we use an analytical model that can represent some of

the key characteristics of generation in the market. For this

purpose, we model NEM as a two-node market with South

Australia and Rest of the NEM connected by two lines. The

variability of wind generation is investigated using a Monte

Carlo model that restricts availability of wind in each time

period by sampling generation from a probability distribution.

We have used the distribution of wind generation based on a

discretized version of the distribution shown in Fig. 1. We have

used 500 wind-energy availability samples and calculated the

Cournot Nash equilibrium for each sample. Wind generation

forecasts are available from AEMO through the Australian

Wind Energy Forecasting System. The game-theoretic model

is posed as an intertemporal optimization problem formulated

as a quadratic programming problem. The problem can also be

cast as an equivalent mixed complementarity problem as has

been discussed in Chattopadhyay [6].

We provide next the strategic (noncooperative) game model

used to simulate Cournot, Bertrand, and perfect competition

(PC) paradigms in an electricity market. The same general con-

struct applies for each of these three paradigms in the form of a

conjectural variation [7]. We have relied on a Cournot construct

for the present analysis, although the conjectural variation pa-

rameter can be modified to simulate Bertrand and PC scenarios.
We have discussed the PC case by way of creating a competi-

tive benchmark, but have not extended the analysis to Bertrand

competition. We will therefore limit the discussion in this paper

to the Cournot and PC variants of the model. The basic premise

of the strategic Cournot bidding model is that the firms (namely,
portfolio generating companies in South Australia) take an in-

dividual profit maximizing position by withdrawing production
to increase prices above the marginal cost of production. Each

firm is sufficiently large to influence market price received by
all, and the quantity produced by other firms. Each firm maxi-
mizes its own profit given the quantity chosen by other firms.

A. Strategic Game Definition and Nash Equilibrium

Let be the set of firms actively participating
in the electricity market by choosing the quantity of electricity

( ) they aim to produce. Adopting a linear pro-

duction cost model, the constant captures the per-unit power

generation cost for firm . The per-unit revenue of a firm
is determined by the market price , which depends on the

aggregate electricity production in the market. Thus, each firm
solves the following profit maximization problem:

(1)

where the matrix inequality represents various genera-

tion and transmission constraints. The action/strategy space of

players defined as is assumed to be

compact, convex, and nonempty. The linear pricing function
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is determined by the market demand for electricity [6], where

and are inverse demand equation parameters. Hence, the

constrained optimization problem (1) becomes

(2)

The optimization problem (2) is convex and has the corre-

sponding Lagrangian

where is the vector of Lagrange multipliers. Consequently, the

Karush–Kuhn–Tucker conditions [15] are both necessary and

sufficient for optimality as follows:

(3)

where is the th column of the constraint matrix . The

solution of (3), , is the best response of firm given the de-

cisions of all other players. Thus, the concurrent solution of (3)

for all , is, by definition, the Nash equilibrium of the
corresponding strategic (noncooperative) game

[16].

Proposition 1: The electricity generation strategic (nonco-
operative) game played among the set of

firms, which decide on generation levels
in order to maximize their profits defined in (2), admits a
Nash equilibrium solution if the player action/strategy space

is convex, compact, and nonempty.

Proof: The proof is provided in the Appendix.
Solving (3) for all concurrently to find the Nash Equi-

librium (NE) solution can be cumbersome, especially in light of

the constraints . Alternatively, the problem of computing

the NE is posed as a centralized optimization problem as

(4)

where the function is carefully chosen to align (4) with the

individual optimization problems (3). Assuming concavity of

, this alignment is achieved if

Hence, the following result immediately follows.

Proposition 2: Any solution of the quadratic optimization

problem

is a Nash equilibrium of the game .

Proof: The proof is provided in the Appendix.

The centralized approach is especially be useful when the re-

action functions of users are nonlinear, and computing the NE

solution(s) requires solving a set of nonlinear equations.

B. Multiperiod Transmission Constrained Model

We next extend the static strategic game model to a dynamic

one with a finite horizon over multiple time periods and de-
scribe the generation and transmission constraints in further de-

tail. The following global optimization problem is an exten-

sion of the one in Proposition 2 and embodies the individual

profit maximization problems [6]. The mathematical model pre-
sented below has specifically been developed for the Australian
NEM, which is an energy-only market (i.e., no separate ca-

pacity market) that simultaneously clears energy and reserve

(or frequency control ancillary services) subject to transmis-

sion constraints. The base Cournot model has been extensively

used for NEM analysis for several major market design and

policy-related analysis covering all of the complexities of real-

life NEM [17], [18]. Based on the formulation in [6], the multi-

period transmission constrained strategic bidding model is

(5)

subject to

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

where and the

individual variables are defined in Table I.
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TABLE I
VARIABLES USED IN THE PAPER AND THEIR DESCRIPTIONS

The optimization problem (5)–(16) comprehensively rep-

resents the embedded individual genco profit maximization
problem, taking into consideration transmission, ramping,

availability of generation, and inter-temporal limits on gen-

eration. We have used a generic representation of time-steps

that may either be set as chronological hourly/half-hourly

periods relevant for a short-term bidding analysis or in the form

of a load duration curve. Constraint (6) represents the nodal

electricity balance. Equation (7) calculates the total generation

from an incumbent company. The physical limits on generation

and transmission are expressed in (8) and (9), respectively.

Equation (10) is a balance that shows the nested dispatch

variables within a genco portfolio. Constraints (13)–(14) show

the ramp limits that would particularly be relevant for baseload

generators (if the problem is cast as a chronological optimiza-

tion problem). Constraint (15) is a period-by-period availability

limit that among other things can represent intermittency of

wind generation by sampling across the probability distribu-

tion of wind generation (e.g., using the distribution of wind

in Fig. 1). Finally, constraint (16) is an intertemporal output

limit that may represent a variety of energy and longer-term

availability limits including availability of gas, planned and

forced outages. The formulation (5)–(16) presents a single

optimization problem for all of the generators. The solution

of the nonlinear/quadratic programming problem involves

finding the generation dispatch and associated flows across the
nodes that maximizes the welfare adjusted total market benefit.
This solution automatically ensures that individual generator

profit is maximized and it is concurrently the Cournot–Nash
equilibrium outcome as discussed in Proposition 2.

Fig. 3. Illustrative two-period example.

C. Illustrative Example: Wind Variability and Prices in an
Energy-Only Market
Before we present the case study, we illustrate the Cournot

model and Monte Carlo simulation methodology discussed in

this section using a simple three-generator system. We show the

Nash equilibrium price outcomes with and without wind vari-

ability for two periods (peak and off-peak).

Input Assumptions: Fig. 3 shows the inverse demand func-
tion for the peak and off-peak periods. The supply is the combi-

nation of a baseload gas ($30/MWh), a peaking ($300/MWh),

and a wind generator. This example assumes that the latter has

a uniform probability distribution around a mean which is low

during peak (e.g., high temperature days typically with lowwind

generation) and high during off-peak periods. In particular, we

assume that peak and off-peak period average wind outputs are

300 MW (with a range of 100–500 MW) and 350 MW (with

a higher and narrower range of 200–500 MW), respectively.

In order for these examples to be easily reproducible, a uni-

form distribution of wind power is assumed for both peak and

off-peak periods. Wind generation cost is assumed to be zero

and the duration for both periods is one hour. Both gas genera-

tors are assumed to be part of one firm and wind generator is as-
sumed to be a price taker, i.e., it does not have anymarket power.

We impose two main constraints on the cheaper gas generator.

• It has a maximum limit of 500 MW in any of the two

periods.

• It also has an intertemporal limit of total 700 MW over the

two periods.

Although we have not considered any other side constraints

including ramp limits and transmission constraints in this ex-

ample, these are taken into account in the South Australian case

study that is presented in Section III.

Modelling Process: The modeling process involves two
basic steps: 1) Sampling of uncertain parameters which in this

case involves wind availability for peak period in the range of

100–500 MW and off-peak hour in the range of 200–500 MW

and 2) solving the multiperiod Cournot model (5)–(16) for

each of the samples to calculate the Cournot Nash equilibrium

dispatch for all generators and the equilibrium price, which

in this case exhibits strong market power owing to the high

market concentration. We are particularly interested to explore

the impact of wind volatility on the equilibrium dispatch and
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TABLE II
COMPARISON OF PRICES: VARIABLE WIND
VERSUS EQUIVALENT FIRM GENERATION

prices. In order to create a useful benchmark to develop insights

into these impacts, we have constructed two reference cases:

1) perfect competition (PC) case can be obtained by dropping

the last term in (5), i.e., ; and 2) the

case wherein the wind power is replaced with an equivalent

firm (gas) capacity without any intermittency. The former

benchmark allows us to specifically assess the impact of market
power, and the second one enables us to assess the specific
contribution of intermittency. We have constructed four cases,

i.e., with and without market power; and with and without

intermittency for this illustrative example, followed by the

South Australian case study in the next section.

Results: Themarginal cost of generation which sets prices for
a perfectly competitive scenario is $30/MWh since wind is not

adequate to meet all demand. However, the prices are expected

to be higher because: 1) we essentially have a monopoly gas

generator with the wind as fringe player and 2) of any binding

capacity or inter-temporal generation limit. Table II shows a

comparison of the equilibrium prices with and without wind

variability considered in the model. The “variable wind” case

essentially calculates the Nash equilibrium price for different re-

alizations of wind availability across 1000 samples drawn from

a uniform distribution. The Equivalent firm generation counter-
part assumes fixed wind generation of 300MW during peak and
350 MW during off-peak.

Table II shows that:

• unconstrained perfectly competitive prices, which are $30/

MWh, would also be affected by variability of wind, and

rise to $49/MWh on average for peak and $33/MWh for

off-peak;

• given essentially a monopolistic market condition,

Cournot–Nash equilibrium prices are very high at

$160/MWh and $90/MWh with firm generation, for

peak and off-peak; but

• variability of wind leaves greater scope of market power

for these prices to rise further to $189/MWh for peak

and $101/MWh for off-peak. Under low wind conditions,

the gas generation company can in this case profitably
withdraw more capacity, resulting in the prices above

$200/MWh and up to $265/MWh if there is no wind

generation. Although the monopolistic case is an extreme

one, it highlights the more extreme end of market power

that highly concentrated markets may exhibit. Some of

Fig. 4. Annual average price for South Australia 2012/2013 (AUD/MWh).

the results in the case study in the next section for South

Australia also demonstrate some of these issues.

III. CASE STUDY AND SIMULATION RESULTS

Here, we present a case study for South Australia. We focus

on the annual price impacts in five blocks of time (T1–T5) from
peak to off-peak. As noted before, the three gencos in South

Australia (AGL, Flinders, and International Power) account for

70%market share or approximately 10 000 GWh pa in 2012/13.

The SA market has also other smaller players with thermal

generation, wind, and, finally, the regulated interconnectors
with Victoria that collectively provide 4500 GWh of energy in

2012/2013.

Fig. 4 shows the annual average prices for South Australian

regional reference node across 500 Monte Carlo samples for

the Cournot–Nash Equilibrium (Cournot) and PC scenarios.

The average prices for both can vary widely depending on the

wind generation availability for the year, especially during the

peak period. For instance, the Cournot prices vary from below

$40/MWh to $70/MWh. PC prices are significantly lower,
especially at the high end, where Cournot prices exceed PC

counterpart by 30%. Incidentally, current annual average prices

for the financial year 2012/2013 (till March 2013) averages
around $60/MWh, despite that year being a relatively good one

for wind production with some months recording well above

average wind generation. The observed prices are therefore

closer to the high end, which is indicative of the relatively high

market power in SA at present a finding that has been reflected
in Mountain [8], [9]. We also simulate a hypothetical case

that replaces all wind generation capacity with conventional

open cycle gas turbines as denoted by the “No Wind” lines in

Fig. 4. It is useful to note that if wind generation is replaced

by conventional peaking capacity, the gap between Cournot

and PC prices is significantly lower at 3.24/MWh compared
to 7.39/MWh for the “With Wind” counterparts. These results

show that variability of wind has a reasonably significant
impact on exacerbating the market power in SA. It may also be

worthwhile to note that if we drop the wind capacity altogether,

i.e., do not replace these units with peaking capacity, there is

significant capacity shortage in some of the samples and the
difference between Cournot and PC scenarios is 21.72/MWh.

In a way, this case highlights the high concentration of the SA
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Fig. 5. Peak period reserve prices for South Australia (AUD/MWh).

electricity market when the wind capacity is removed which

also lowers the reserve margin considerably.

Both the high and low levels of Cournot prices are prob-

lematic. The high average price levels averaging around AUD

60–70 per MWh would hurt retailers/consumers and is more re-

flective of market power than any real effects of carbon price.
We have already witnessed SA regional spot prices have dou-

bled since 2011/12 without any discernible drop in carbon. The

low levels and the variability of prices are problematic because

none of the incumbent gencos, much less any new entrant genco,

would ever want to build new capacity in such a situation. This

last point is significant from a market design perspective. We
observe a significant increase in price volatility from just one
source namely a large-scale penetration of wind. If we were

to combine it with other factors, we would see even greater

price volatility which raises doubts on the ability of the en-

ergy only market to sustain new investment. Indeed, if we ana-

lyze SA prices over the past 15 years or so, the annual average

prices have fluctuated between $30–$73 per MWh (excluding
the market start period in 1998/1999 when SA prices averaged

over $150/MWh), even before the days of carbon price andwind

intermittency driven volatility. The simulation results indicate

that, if renewable penetration increases by 2020 and there is

carbon price, then we might see even bigger range of prices. It

is unlikely that two-way or one-way contracts between gencos

and retailers will take care of generator/retail risk because one

way or the other spot prices matter and drive contract price at

least for simple two-way contracts. Twomey and Neuhoff [10]

have discussed why simple contracts may not be an effective

way of curbing market power.

Apart from energy prices, wind variability can also impact

the reserve prices, as shown in Fig. 5. Reserve dispatch is coop-

timized in the Cournot model and the resulting prices show the

opportunity cost of holding reserve on generators that could oth-

erwise be profitably dispatched in the energy market. Domi-
nant generators have the opportunity to exercise market power

in the reserve market which again may be exacerbated due to

variability of wind generation. As the figure shows, the reserve
prices under low wind condition (i.e., towards the left end of the

plot) can be more than double the competitive level, although on

average the reserve prices differ by only 0.65/MWh.

Fig. 6. Cournot Prices (500 samples) for each of the five time blocks.

We have investigated the volatility of Cournot prices across

the five time blocks. Fig. 6 shows prices during peak periods
(T1 which represents 100 peak demand hours in the year)

exhibits the highest volatility with a range/band of AUD

89/MWh (and standard deviation of AUD 25/MWh) between

AUD 400–500/MWh range for these hours. Wind generation

during this block is generally the lowest with average ca-

pacity factor below 20%. High prices during this period and,

more importantly, the high volatility of prices explain most

of the difference between the low end average price of AUD

40/MWh and the high end average price of AUD 70/MWh.

Prices during the shoulder period (T2) exhibits significant
variability with a range of AUD 54/MWh (and standard devia-

tion of AUD 14/MWh). Although prices in other three blocks

(T3–T5) also exhibit some variability, they are generally lower

(average range of AUD 25/MWh and standard deviation of

AUD 7.6/MWh). Price variations in T3–T5 are also reflective
of actual cost impact. In other words, the prices in T3–T5

increase/decrease across the samples because a significant part
of zero cost generation has become unavailable/available in the

market. Samples 300–500 in Fig. 6 are associated with high

wind incidences. It is evident that Cournot prices for these

samples are within close proximity of competitive benchmark

prices.

It is also useful to compare the shape of the price duration

curves for Cournot and PC. Fig. 7 shows how Cournot prices

for the high end (top 100 hours in the year) are significantly
higher, by AUD 172/MWh, compared with the competitive

prices where the latter indicates the marginal cost of an oil-fired
unit. Prices for the shoulder period are also more than AUD

50/MWh higher. However, the off-peak prices for Cournot are

much closer to PC, if not lower. This shift in price duration

curve is in part an artifact of the high wind penetration. A

comparison with the price increase relative to competitive

benchmark in the “No Wind” scenario in Fig. 4 corroborates

this view. An increase in the peak price and depressed/negative

off-peak prices have also been observed in overall NEM prices

as wind penetration has steadily increased since 2002. As wind

capacity increases, the pool price volatility would be further

exacerbated. The model results and observed pool prices show

that higher wind capacity in combination with peak demand
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Fig. 7. Comparison of price duration curves: Cournot versus PC.

Fig. 8. Energy generated for three big gencos expressed as percentage of max-
imum generation across all samples.

volatility in a concentrated market like SA can lead to signifi-
cantly higher level of spot price volatility.

Three big gencos (IP, AGL, and Flinders Power) stand to gain

most from opportunistic bidding to create the high price events

during the peak. Their energy output varies across the samples

considerably showing withholding behavior (Fig. 8). We also

note that Flinders has a more uniform drop in its generation be-

cause it is most constrained by ramp rates. Both AGL and IP

are able to drop their generation more readily to take advan-

tage of instances when wind generation during peak periods has

dropped off.

IV. DISCUSSION AND CONCLUSION

The modeling analysis presented in this paper provides useful

insights into the nature of impact high penetration of wind may

have in a highly concentrated energy-only market. The impact

of wind variability on electricity prices in a small and concen-

trated market like South Australia can cause significant price
volatility. Apart from a cost-driven increase in price volatility,

a high share of wind also entails an element of gaming. The

modeling experiments we have conducted demonstrate that the

impact on peak demand periods that in South Australia are typ-

ically associated with very low availability of wind generation,

can lead to a significant increase in peak prices. Off-peak prices,
on the other hand, would generally be quite depressed, which in

a way causes dominant firms to exercise market power during
peak periods. The departure from a perfectly competitive bench-

mark is highly pronounced during peak hours. Although price

volatility and to some extent market power issues have been

recognized since the start of the NEM, an increasingly skewed

nature of the price duration curve that arise from a higher share

of wind, is noteworthy.

These empirical findings have two important connotations.
First, it makes competitive entry for a new baseload player in the

market difficult. The entry of a large Combined Cycle Gas Tur-
bine (CCGT) in the past (Pelican Point) had cured some of the

extreme volatility in South Australia that was observed during

the early years of the market operation. The composite effect of

carbon price and the high dispatch risk due to wind generation

make it a much harder proposition today for any new baseload

entry in the market.

Second, the business case for wind absent any subsidy is not

very strong because they do not benefit as much from the in-
creased peak period prices. While there are at least 2000 MW of

additional wind capacity proposals in the construction/proposed

stage, chances are that these will hinge on some form of subsidy

through Renewable Energy Certificate not only for the interim
period up to 2020, but well beyond that. Since there are consid-

erable uncertainties around any renewable policy, it translates

into a general confusion on new investment in the market.

We also emphasize the fact that an even greater share of

wind will further worsen the peak/shoulder period volatility.

In fact, if the market continues to be highly concentrated, in

an extreme scenario, the important attribute of technology neu-

trality in presence of market power becomes highly question-

able. While the existing baseload generators need to raise prices

above their short run marginal cost to recover their fixed costs,
it only would favor them ahead of renewable generation tech-

nologies. In many ways, it also calls into question the veracity

of the energy-only market design in the NEM.

APPENDIX

Proof of Proposition 1

In the N-player nonzero-sum strategic (noncooperative) static

game , the action/strategy space

is assumed to be convex, compact, and

nonempty. The player utilities defined in
(2) are continuous on and concave in , respectively. Thus,

from [16, Theorem 4.4], the game admits a Nash equilibrium

solution in pure strategies.

Proof of Proposition 2

The quadratic objective function is concave for its

Hessian

...
. . .

...

is negative definite as it can be written as a sum of a nega-

tive semi-definite matrix and a negative definite diagonal matrix
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[19]. Therefore, the KKT conditions [16] are both necessary and

sufficient for optimality as follows:

where is the Lagrangian of the optimization problem in Propo-

sition 2 and is the th column of the constraint matrix .

Since these KKT conditions exactly coincide with the KKT con-

ditions (3) of individual user optimization problems (2) of the

game , any solution of the quadratic optimiza-

tion problem in Proposition 2 is concurrently a Nash equilibrium

of the game and vice versa, which completes the proof.
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