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Introduction

Availability of information about various properties of an electricity mar-
ket has an indispensable role for meeting involved market agents objec-
tives. On the one hand, market operators are entities entitled to secure
the reliable operation of the market with minimum social cost. Thus,
they should have qualitative and truthful information with respect to
participants properties and interests. This consists mainly, but not ex-
clusively, of costs and valuations regarding traded energy, their available
energy capacity and reserves. On the other hand, producers and con-
sumers that participate in an electricity pool are self-interested entities
aiming at maximizing profits (or utility respectively) by their participa-
tion in the market. To meet their objective, the possession, to the best
possible degree, of a transparent and clear view of the market rules and
rivals information is rendered essential.

The inherent variability of wind power generation exposes the mar-
ket and, inevitably market agents, to new additional challenges. Market
operators need qualitative wind power forecasts in order to secure the
smallest possible power imbalance in real-time operation, which could
possibly lead to system instability. Moreover, well-informed day-ahead
market scheduling can lead to increased social welfare and decreased
operational costs. Forecasting wind power, however, is in fact a very
arduous task, whose results depend greatly on the available to the fore-
caster resources. Producers, on the other hand, are also interested in
anticipating wind power generation, in order to optimize their offering
strategies to the market. To this end, this thesis evaluates the solution
of information sharing, in which market players share their own wind
power forecasts with others in the day-ahead market. This approach
capitalizes on bilevel optimization modeling and on a two-stage stochas-
tic market-clearing model, in order to explore whether an improvement to
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iv INTRODUCTION

the functioning of the sequential market-clearing process can be achieved,
by creating better-informed day-ahead schedules, which reduce the need
for balancing resources in the real-time operation.

Transparency in electricity markets is also an essential ingredient
for the efficient market operation. System and market operators world-
wide are taking increasing initiatives towards the publication of various
market-related information that may assist efficiency in the market. Fa-
vored by the ambitious plans for publishing qualitative aggregate wind
power forecasts by market operators, this thesis distinguishes the various
impacts of this initiative which, not being by definition positive, may
jeopardize the vision of an increased market efficiency due to the imper-
fect competition that characterizes modern markets. For that purpose,
an equilibrium study is incorporated for a setting where strategic power
producers consider public forecast information in their decision-making
tools and results are evaluated towards different values of the forecast.

Finally, motivated by the bottlenecks caused by strategic behaviors,
this thesis investigates the potential of an incentive-compatible market
mechanism, which has the ability to induce from market participants
truthful information regarding their private costs and valuations. Thus, it
can eventually lead to increased transparency and market efficiency. The
mechanism, which is adapted from the economics literature, is applied in
a two-stage stochastic market and compared to the traditional market-
clearing mechanism over several, dominant for market operation, criteria.
To this end, this work is tailored to evaluate its potential applicability
and quantify related caveats in practice.

In a nutshell, the overall objective of the present dissertation can
be summarized as addressing the present and future challenges related
to the impact of information availability and transparency in electricity
pools characterized by high shares of wind power. This is achieved by
leveraging mathematical modeling tools, such as stochastic and bilevel
optimization, as well as branches of the economic theory, namely game
and mechanism design theory.



Thesis Organization

The original contributions of this dissertation are divided into two parts.
The organization and description of each chapter is presented below:

General Context and Background

Chapter 1 is a comprehensive introduction of the dissertation. It first
introduces the basic aspects of modern electricity markets, involved
agents and market mechanisms. Then, the concepts of market
power and game theory are briefly introduced along with some eco-
nomic aspects related to the main chapters of the thesis.

Part I: Impact of Wind Forecast Information Availability in Electricity
Markets with High Penetration of Wind Power

Chapter 2 explores a three-step evaluation framework for the impact
of sharing wind power forecasts between a wind producer and the
market operator. The framework is based on a bilevel model that
induces strategic offers from the wind producer which are submit-
ted to a stochastic two-stage market. Finally, an extensive out-of-
sample simulation analysis is performed considering a large num-
ber of unforeseen wind power realizations for clearing the real-time
market.

Chapter 3 extends the model of the previous chapter by assuming that
an additional wind power producer is present in the market. The
effect of this additional source of uncertainty on strategic wind
producer’s offering decisions and the anticipated market operation
is evaluated.

v
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Chapter 4 evaluates a market where multiple strategic producers are
present. Under this setup, it studies the impact of aggregate wind
forecasts, published by the system operator, on the market out-
comes and the producers objectives. For the scope of this chapter,
an equilibrium analysis is performed based on a non-cooperative
multi-leader-follower game.

Part II: Mechanism Design Towards Incentive-Compatibility in Elec-
tricity Markets with High Penetration of Wind Power

Chapter 5 explores the application of a Vickrey-Clarke-Groves (VCG)
incentive-compatible mechanism in a two-stage stochastic electric-
ity market. More specifically, an incentive-compatible VCG-based
payment scheme is proposed for a stochastic market and compared
to the corresponding traditional market mechanism under both per-
fect and imperfect competition. Furthermore, the study is extended
to include network constraints and the results are evaluated for in-
creasing levels of wind power penetration. Finally, this chapter pro-
poses a redistribution mechanism for recovering revenue-adequacy
in the market.

Global Conclusions, Contributions and Future Perspectives

Chapter 6 concludes this dissertation providing a summary, conclu-
sions and the main contributions of the thesis. Finally, sugges-
tions for future research and perspectives, which emerged from the
results of the thesis, are additionally presented.

Appendices

Appendix A provides a brief summary of the main concepts associated
with mathematical modeling and optimization.

Appendix B lists the technical data and details pertaining to the mod-
ified 24-bus system used in the case study of Chapter 5.

Appendix C provides a description of the DC power flow models and
the corresponding constraints in market-clearing problems.



Contents

Introduction iii

Thesis Organization v

Contents i

List of Figures vii

List of Tables xiii

Notation xv

Acronyms xvii

Glossary xix

1 General Context and Background 1
1.1 An Introduction to Electricity Markets . . . . . . . . . . 2

1.1.1 Organization of Electricity Markets . . . . . . . . 3
1.1.2 Electricity Pools: Day-Ahead and Real-Time Mar-

kets . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.1.2.1 Nodal and Zonal Pricing Schemes . . . . 10

1.1.3 Challenges Related to High Penetration of Wind
Power in Electricity Markets . . . . . . . . . . . . 12

1.2 Competition in Electricity Markets and Economic Aspects 14
1.2.1 Design Principles of Electricity Markets . . . . . . 14
1.2.2 Market Power . . . . . . . . . . . . . . . . . . . . 16
1.2.3 Basic Concepts of Game Theory and Mechanism

Design . . . . . . . . . . . . . . . . . . . . . . . . 17
1.2.3.1 Game theory . . . . . . . . . . . . . . . 17

i



ii CONTENTS

1.2.3.2 Mechanism design . . . . . . . . . . . . 20
1.2.3.3 Vickrey-Clarke-Groves mechanism . . . 22

1.3 Thesis Features and Objectives . . . . . . . . . . . . . . 23

Part I Impact of Wind Forecast Information
Availability in Electricity Markets with
High Penetration of Wind Power 27

2 Sharing Wind Power Forecasts 29
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . 29
2.1.2 Literature Review and Contributions . . . . . . . 30
2.1.3 Chapter Organization . . . . . . . . . . . . . . . . 33

2.2 Evaluation Framework . . . . . . . . . . . . . . . . . . . 33
2.2.1 Features and Assumptions . . . . . . . . . . . . . 33
2.2.2 Proposed Three-Step Framework . . . . . . . . . 36
2.2.3 Step 1: Offering Strategy of the Wind Producer . 39
2.2.4 Step 2: Stochastic Day-Ahead Market-Clearing . 48
2.2.5 Step 3: Real-Time Market-Clearing (Out-of-

Sample Assessment) . . . . . . . . . . . . . . . . 49
2.3 Case Study . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.3.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.3.2 Results: Non-sharing Analysis . . . . . . . . . . . 52
2.3.3 Results: Sharing Analysis . . . . . . . . . . . . . 54
2.3.4 Extensive Out-of-Sample Assessment . . . . . . . 55
2.3.5 Sensitivity Analysis . . . . . . . . . . . . . . . . . 58
2.3.6 Computational Performance . . . . . . . . . . . . 60

2.4 Summary and Conclusions . . . . . . . . . . . . . . . . . 60
2.5 Future Perspectives . . . . . . . . . . . . . . . . . . . . . 61
2.6 Chapter Publications . . . . . . . . . . . . . . . . . . . . 62

3 Strategic Wind Power Trading Considering Rival Wind
Power Production 63
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.1.1 Motivation and Literature Review . . . . . . . . . 63
3.1.2 Chapter Organization . . . . . . . . . . . . . . . . 65

3.2 Mathematical Formulation . . . . . . . . . . . . . . . . . 66



CONTENTS iii

3.2.1 Model Assumptions and Uncertainty Characteri-
zation . . . . . . . . . . . . . . . . . . . . . . . . 66

3.2.2 Model Formulation . . . . . . . . . . . . . . . . . 68
3.3 Case Study . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.3.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . 78
3.3.3 Computational Performance . . . . . . . . . . . . 81

3.4 Summary and Conclusions . . . . . . . . . . . . . . . . . 82
3.5 Future Perspectives . . . . . . . . . . . . . . . . . . . . . 82
3.6 Chapter Publications . . . . . . . . . . . . . . . . . . . . 83

4 Impact of Public Aggregate Wind Forecasts on Elec-
tricity Market Outcomes 85
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.1.1 Background and Motivation . . . . . . . . . . . . 85
4.1.2 Literature Review and Contributions . . . . . . . 87
4.1.3 Chapter Organization . . . . . . . . . . . . . . . . 89

4.2 Mathematical Formulation . . . . . . . . . . . . . . . . . 89
4.2.1 Features and Assumptions . . . . . . . . . . . . . 92
4.2.2 Model Formulation Considering Aggregate Wind

Forecasts . . . . . . . . . . . . . . . . . . . . . . . 94
4.2.3 Benchmark: Model Formulation Assuming Public

Knowledge of Individual Wind Forecasts . . . . . 101
4.2.4 Identifying the Equilibrium Point Among Producers103
4.2.5 Day-Ahead Market-Clearing . . . . . . . . . . . . 104

4.3 Case Study . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.3.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . 107
4.3.3 Uncertainty of Wind Forecasts and Real-Time Prices114
4.3.4 Computational Performance . . . . . . . . . . . . 116

4.4 Summary and Conclusions . . . . . . . . . . . . . . . . . 117
4.5 Future Perspectives . . . . . . . . . . . . . . . . . . . . . 119
4.6 Chapter Publications . . . . . . . . . . . . . . . . . . . . 120



iv CONTENTS

Part II Mechanism Design Towards Incentive-
Compatibility in Electricity Markets with
High Penetration of Wind Power 121

5 An Efficient and Incentive-Compatible Two-Stage
Stochastic Market 123
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . 124
5.1.2 Literature Review and Contributions . . . . . . . 125
5.1.3 Chapter Organization . . . . . . . . . . . . . . . . 129

5.2 Mathematical Formulation . . . . . . . . . . . . . . . . . 129
5.2.1 Features and Assumptions . . . . . . . . . . . . . 132
5.2.2 Competitive Model: Perfectly Competitive Market 135
5.2.3 Strategic Model: Imperfectly Competitive Market 139
5.2.4 VCG Model: Incentive-Compatible Market-

Clearing Mechanism for a Two-Stage Stochastic
Market . . . . . . . . . . . . . . . . . . . . . . . . 145
5.2.4.1 VCG payments to conventional producers 147
5.2.4.2 VCG payments to wind producers . . . 149
5.2.4.3 VCG payments from demands . . . . . . 151
5.2.4.4 Incentive-compatibility under the VCG

mechanism . . . . . . . . . . . . . . . . 152
5.2.4.5 Cost-recovery under the VCG mechanism 154
5.2.4.6 Budget imbalance redistribution under

the VCG Mechanism . . . . . . . . . . . 155
5.3 Case Studies . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.3.1 Case Study Excluding Transmission Network Con-
straints . . . . . . . . . . . . . . . . . . . . . . . 158
5.3.1.1 Data and assumptions . . . . . . . . . . 158
5.3.1.2 Results for increasing levels of wind

power penetration . . . . . . . . . . . . 160
5.3.2 Case Study Considering Transmission Network

Constraints . . . . . . . . . . . . . . . . . . . . . 170
5.3.2.1 Data and assumptions . . . . . . . . . . 170
5.3.2.2 Results for increasing levels of wind

power penetration . . . . . . . . . . . . 171
5.3.2.3 Budget imbalance redistribution under

the VCG Mechanism . . . . . . . . . . . 187



CONTENTS v

5.3.3 Computational Performance . . . . . . . . . . . . 195
5.4 Summary and Conclusions . . . . . . . . . . . . . . . . . 196
5.5 Future Perspectives . . . . . . . . . . . . . . . . . . . . . 200
5.6 Chapter Publications . . . . . . . . . . . . . . . . . . . . 200

6 Global Conclusions, Contributions and Future Perspec-
tives 201

A Mathematical Background 211
A.1 Optimization Problems . . . . . . . . . . . . . . . . . . . 211
A.2 Duality in Linear Programming . . . . . . . . . . . . . . 212
A.3 Karush-Kuhn-Tucker Conditions . . . . . . . . . . . . . . 214
A.4 Bilevel Programs and Mathematical Programs with Equi-

librium Constraints (MPEC) . . . . . . . . . . . . . . . . 215
A.4.1 Linearization of Complementarity Constraints . . 217

A.4.1.1 Big-M method . . . . . . . . . . . . . . 217
A.4.1.2 SOS1 method . . . . . . . . . . . . . . . 218

B IEEE Reliability Test System 221
B.1 Modified 24-Node IEEE Reliability Test System (RTS) . 221

C Transmission Network Constraints 225
C.1 From the AC to the DC Power Flow Model . . . . . . . . 226
C.2 DC Power Flow Constraints in Market-Clearing Problems 229

Bibliography 231





List of Figures

1.1 Belpex (currently EPEX SPOT Belgium) DA market volumes
through the years 2007 - 2014 [1] . . . . . . . . . . . . . . . 7

1.2 Belpex (currently EPEX SPOT Belgium) continuous intraday
market volumes through the years 2008 - 2014 [1] . . . . . . 8

1.3 Merit order curves . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 DA market-clearing formulation . . . . . . . . . . . . . . . . 9
1.5 DA market-clearing formulation considering transmission con-

straints (LMP) . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.6 Stochastic two-stage DA market-clearing formulation . . . . 11
1.7 The merit order effect : Increasing penetration of renewable

energy in the market tends to lower the average market price
of electricity since those sources have very low marginal costs,
thus entering the merit order curve from the left-hand side. . 13

2.1 Illustrative representation of the market setup of Chapter 2 . 35
2.2 The proposed three-step evaluation framework: non-sharing

and sharing analyses . . . . . . . . . . . . . . . . . . . . . . 37
2.3 Beta probability density function for various sets of (a, b) pa-

rameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.4 Actual wind power distribution considering Set 1 (aR > bR),

Set 2 (aR = bR) and Set 3 (aR < bR) . . . . . . . . . . . . . 53
2.5 Non-sharing analysis: wind producer’s quantity offer to DA

market (Step 1), scheduled wind power in DA market (Step
2), and expected wind power realization in RT (Step 3) . . . 54

2.6 Sharing analysis: wind producer’s quantity offer to DA mar-
ket (Step 1), scheduled wind power in DA market (Step 2),
and expected wind power realization in RT (Step 3) . . . . . 55

3.1 Illustrative representation of the market setup of Chapter 3 . 68

vii



viii LIST OF FIGURES

3.2 The strategic wind producer’s quantity offer to DA market . 79
3.3 Profit of strategic wind power producer . . . . . . . . . . . . 80
3.4 Expected DA market-clearing price . . . . . . . . . . . . . . 81
3.5 Expected total system cost . . . . . . . . . . . . . . . . . . . 81

4.1 Illustrative representation of the market setup of Chapter 4 . 94
4.2 The iterative diagonalization approach to identify the equi-

librium point . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.3 Energy and reserve prices versus different aggregate wind fore-

cast values . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.4 Producers profits versus different aggregate wind forecast values111
4.5 Day-Ahead schedules of conventional generators versus differ-

ent aggregate wind forecast values . . . . . . . . . . . . . . . 112
4.6 Social welfare of the market versus different aggregate wind

forecast values . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.7 Supply-demand curves versus different aggregate wind fore-

cast values . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.8 Social welfare of the market versus different aggregate wind

forecast values considering uncertainty in wind power gener-
ation and real-time prices . . . . . . . . . . . . . . . . . . . 116

4.9 Producers profits versus different aggregate wind forecast val-
ues considering uncertainty in wind power generation and
real-time prices . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.1 Illustrative representation of the market setup under the
strategic model of Chapter 5 . . . . . . . . . . . . . . . . . . 134

5.2 Illustrative representation of the market setup under the com-
petitive and VCG models of Chapter 5 . . . . . . . . . . . . 135

5.3 (Figure 4.2) The iterative diagonalization approach to identify
the equilibrium point for the Strategic LMP model . . . . . 146

5.4 Recovery of the market budget imbalance of the VCG market-
clearing mechanism . . . . . . . . . . . . . . . . . . . . . . . 157

5.5 Budget imbalance of the market in expectation versus dif-
ferent levels of wind power penetration. Revenue-adequacy
refers to the case of having non-negative budget imbalance. . 161



LIST OF FIGURES ix

5.6 Expected market social welfare versus different levels of wind
power penetration. Expected social welfare in both competi-
tive and VCG models is the same since they end up in identical
dispatch results; the only difference is the pricing scheme used. 162

5.7 Day-Ahead market prices versus different levels of wind power
penetration . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

5.8a Expected profits of producers G1-G5 across different clear-
ing mechanisms versus different levels of wind power penetration167

5.8b Expected profits of producers G6-G9 and wind producer
across different clearing mechanisms versus different levels of
wind power penetration . . . . . . . . . . . . . . . . . . . . 168

5.9 Demands expected payment across different clearing mecha-
nisms versus different levels of wind power penetration . . . 169

5.10 Budget imbalance of the market in expectation versus dif-
ferent levels of wind power penetration, considering network
constraints. The y-axis value shows the difference of total
payments of demand-side and total revenues of generation-
side, i.e., the payments to grid operator (e.g., in the form of
congestion rent) is not considered. . . . . . . . . . . . . . . . 172

5.11 Conventional generation weighted average DA market prices
versus different levels of wind power penetration . . . . . . . 176

5.12 Wind generation weighted average DA market prices versus
different levels of wind power penetration . . . . . . . . . . . 176

5.13 Demand-side weighted average DA market prices versus dif-
ferent levels of wind power penetration . . . . . . . . . . . . 177

5.14 Market expected social welfare versus different levels of wind
power penetration, considering network constraints. Ex-
pected social welfare in both competitive LMP and VCG mod-
els is the same since they end up in identical dispatch results;
the only difference is the pricing scheme used. . . . . . . . . 178

5.15a Expected profits of producers G1-G6 versus different levels
of wind power penetration, considering network constraints . 179

5.15b Expected profits of producers G7-G12 versus different levels
of wind power penetration, considering network constraints . 180

5.16 Expected profits of wind producers W1-W6 versus different
levels of wind power penetration, considering network con-
straints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181



x LIST OF FIGURES

5.17a Expected payment of demands D1-D6 versus different levels
of wind power penetration, considering network constraints . 182

5.17b Expected payment of demands D7-D12 versus different levels
of wind power penetration, considering network constraints . 183

5.17c Expected payment of demands D13-D17 versus different lev-
els of wind power penetration, considering network constraints 184

5.18 Demands payments for both congested and uncongested net-
work, under the VCG mechanism . . . . . . . . . . . . . . . 185

5.19 Aggregate wind and conventional generation revenues for both
congested and uncongested network, under the VCG mechanism186

5.20 Budget imbalance of the market for both congested and un-
congested network, under the VCG mechanism . . . . . . . 187

5.21 Budget imbalance in expectation after redistribution versus
different levels of wind power penetration, considering net-
work constraints. . . . . . . . . . . . . . . . . . . . . . . . . 188

5.22a Expected profits of producers G1-G6 after the redistribu-
tion of budget imbalance versus different levels of wind power
penetration, considering network constraints . . . . . . . . . 189

5.22b Expected profits of producers G7-G12 after the redistribu-
tion of budget imbalance versus different levels of wind power
penetration, considering network constraints . . . . . . . . . 190

5.23 Expected profits of wind producers W1-W6 after the redis-
tribution of budget imbalance versus different levels of wind
power penetration . . . . . . . . . . . . . . . . . . . . . . . . 191

5.24a Expected payment of demands D1-D6 after the redistribu-
tion of budget imbalance versus different levels of wind power
penetration, considering network constraints . . . . . . . . . 192

5.24b Expected payment of demands D7-D12 after the redistribu-
tion of budget imbalance versus different levels of wind power
penetration, considering network constraints . . . . . . . . . 193

5.24c Expected payment of demands D13-D17 after the redistribu-
tion of budget imbalance versus different levels of wind power
penetration, considering network constraints . . . . . . . . . 194

B.1 24-bus power system - network topology . . . . . . . . . . . 222
B.2 Wind power producers W1-W6 expected generation versus

increasing levels of wind power penetration. . . . . . . . . . 223



LIST OF FIGURES xi

C.1 AC to DC power flow simplification . . . . . . . . . . . . . . 228





List of Tables

2.1 Technical Characteristics of Conventional Units . . . . . . . 50
2.2 Shape Parameters of Beta Distributions . . . . . . . . . . . 53
2.3 Actual System Cost [e] . . . . . . . . . . . . . . . . . . . . 56
2.4 Day-Ahead Prices [e/MWh] . . . . . . . . . . . . . . . . . . 56
2.5 Expected Real-Time Prices [e/MWh] . . . . . . . . . . . . . 57
2.6 Expected Profit of The Wind Producer [e] . . . . . . . . . . 57
2.7 Expected Profit of The Conventional Units [e] . . . . . . . . 58
2.8 Value of Sensitivity Factor: Dual Variable Corresponding to

the Upper Bound of Constraint (2.9d) in Step 2. This value
implies the sensitivity of system cost with respect to the wind
producer’s strategic quantity offer. . . . . . . . . . . . . . . 59

3.1 Technical Characteristics of Conventional Units . . . . . . . 77
3.2 Shape Parameters of Beta Distributions . . . . . . . . . . . 78
3.3 Value of Sensitivity Factor: Dual Variable Corresponding to

the Upper Bound of Constraint (3.1f) . . . . . . . . . . . . . 80

4.1 Technical Characteristics of Power Generation Units [MW] . 106
4.2 Marginal Costs of Conventional Units [e/MWh] . . . . . . . 107
4.3 Demand Characteristics . . . . . . . . . . . . . . . . . . . . 108
4.4 Strategic Price Offers at the Equilibrium Point for the Refer-

ence Case [e/MWh] . . . . . . . . . . . . . . . . . . . . . . 108
4.5 Energy and Reserve Prices for the Reference Case . . . . . . 108
4.6 Schedules and Producers Profits at the Equilibrium Point for

the Reference Case . . . . . . . . . . . . . . . . . . . . . . . 109
4.7 Scenarios for Wind Power Generation (PW,P

l,ω ) [MW] . . . . . 115
4.8 Scenarios for Real-Time Prices [e/MWh] . . . . . . . . . . . 115

5.1 Technical Characteristics of Conventional Units . . . . . . . 159

xiii



xiv LIST OF TABLES

5.2 Characteristics of the Wind Power Scenarios . . . . . . . . . 159
5.3 Demand Data . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.4 Generation-side DA Market Prices [e/MWh] in the VCG

Market-Clearing Mechanism versus Wind Power Penetration 164
5.5 Demands DA Market Prices [e/MWh] in the VCG Market-

Clearing Mechanism versus Wind Power Penetration . . . . 164
5.6 Characteristics of the Wind Power Scenarios for Aggregate

Wind Generation . . . . . . . . . . . . . . . . . . . . . . . . 171
5.7 Nodal DA Prices [e/MWh] in Competitive LMP versus Wind

Power Penetration . . . . . . . . . . . . . . . . . . . . . . . 173
5.8 Nodal DA Prices [e/MWh] in Strategic LMP versus Wind

Power Penetration . . . . . . . . . . . . . . . . . . . . . . . 174
5.9 Computational Times . . . . . . . . . . . . . . . . . . . . . 195
5.10 Comparison of Mechanisms and Market Properties . . . . . 198

B.1 Technical Characteristics and Node Location of Conventional
Generation Units . . . . . . . . . . . . . . . . . . . . . . . . 221

B.2 Node Location and Distribution of the System Demand . . . 223
B.3 Reactance and Capacity of Transmission Lines . . . . . . . . 224



Notation

For convenience, detailed notation tables are given at the formulation
section of each chapter. However, in the following lines we introduce
some generic principles regarding notation used in this dissertation, in
order to ease the reading of mathematical formulations. Those guidelines
include the following:

• In order to make a clear distinction between symbols that refer
to the model variables and those referring to the model parame-
ters, variables are denoted with lower-case letters, e.g., pG, while
parameters are denoted with upper-case letters, e.g., PG.

• Set i always refers to conventional units.

• Set d always refers to demands.

• Sets ω, s and h are indices for wind power scenarios.

• With the Greek letter λ we denote either market prices or agents
price offers. Thus, for example λDA and λRT are the day-ahead and
real-time prices, respectively, while λG

i is the conventional genera-
tion price offer of conventional unit i.

• An overline above a parameter, e.g., P , denotes the maximum value
that corresponding variable p can take, and the opposite is denoted
by an underline, e.g., P .

• Dual variables of the lower-level problem of a bilevel optimization
model are given after the corresponding constraints following a
colon, e.g., 0 ≤ p : φ, where φ is the dual variable of the cor-
responding inequality constraint.
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MO Market Operator

ENTSO-E European Network of Transmission System Operators for
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ACER Agency for the Cooperation of Energy Regulators
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MPEC Mathematical Program with Equilibrium Constraints
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KKT Karush-Kuhn-Tucker conditions

SDT Strong Duality Theorem

xvii



xviii ACRONYMS

MILP Mixed-Integer Linear Program

LL Lower-Level

UL Upper-Level

IEEE Institute of Electrical and Electronics Engineers

RTS Reliability Test System

SW Strategic Wind (Producer)

RW Rival Wind (Producer)



Glossary

Arbitrage Arbitrage is the simultaneous purchase and sale of an asset
to profit from a difference in the price. Arbitrage exists as a result
of market inefficiencies.

Budget Balance Budget balance refers to the condition where the dif-
ference between the payments that a market operator receives from
consumers and payments made to producers is zero.

Competitive Agent see price-taker.

Cost-Recovery Cost-recovery refers to recovering the expenses that an
agent has for participating in the auction; in the framework of
electricity markets, it refers to the condition in which a producer’s
profit is non-negative.

Dominant Strategy A strategy is dominant if, regardless of what any
other agents do, the strategy earns an agent the largest payoff.

Incentive-Compatibility A mechanism is called incentive-compatible
if every participant can maximize its objective just by acting ac-
cording to its true preferences.

Imperfect Competition Imperfect competition refers to a market
where strategic agents are present.

Individual Rationality The incentive an individual economic agent
has to participate in a given auction; in the framework of elec-
tricity markets, individual rationality refers to the condition where
negative profits for producers are not acceptable, i.e., cost-recovery.
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xx GLOSSARY

Marginal Producer Marginal producer is the producer who would be
eliminated from competition by a drop in the market price or a
rise in its production costs. Its production costs define the current
market price.

Market Efficiency Market efficiency in financial economics refers to
the condition in which the price of a commodity fully reflects all
available information; in the framework of electricity markets, mar-
ket efficiency is maximized when market outcomes align with the
minimum system cost (or maximum social welfare).

Market Power Market power is the ability of a seller to profitably raise
the market price of a good or service over marginal cost. Addition-
ally, market power can also be defined for a consumer as its ability
to reduce the market price. In perfectly competitive markets, mar-
ket participants have no market power.

Perfect Competition Perfect competition refers to the condition
where all participating agents reveal their true preferences, i.e.,
do not exercise market power.

Price Elasticity of Demand Price elasticity of demand measures the
responsiveness of demand after a change in the price of the product.
In the framework of electricity markets, inelastic demand refers to
the case where consumers are not willing to withdraw their demand
from the market, despite potential high prices.

Price-Maker Price-maker is an agent who exercises market power in
order to change market prices for its own benefit.

Price-Taker Price-taker is an agent who acts competitively with respect
to its price, i.e., reveals its true preferences to the market.

Revenue-Adequacy Revenue-adequacy refers to the condition where
the central authority of a market receives enough revenue to recover
the expenses of the market operation.

Strategic Agent see price-maker.



GLOSSARY xxi

Social Choice A social choice is an aggregation of the preferences of
the different participants toward a single joint decision.

Social Welfare Social welfare in economics refers to the utility gained
through an economic activity; in the framework of electricity mar-
kets, it refers to the maximization of producers and consumers sur-
plus, i.e., market surplus.





Chapter 1

General Context and Background

This first chapter serves as an introduction to this dissertation and pro-
vides all the relevant background information that is needed for under-
standing all chapters to follow. Under this context, in Section 1.1 we
present an overview of electricity market operation. Operation of mod-
ern electricity markets is explained by presenting the most common ap-
plied market mechanisms but, also, extending the presentation to include
mechanisms derived from recent research efforts, which hold particular
interest for markets with high penetration of wind power.

It becomes apparent by now that this thesis lies on the crossroad
of power systems, operations research and energy economics. Thus, con-
cepts and definitions which depart from the economics society are present
throughout this dissertation. In Section 1.2, we attempt to introduce
those concepts and terms from an engineering viewpoint, offering a bet-
ter understanding of the work to follow without, however, going deep
into economical aspects.

Modern electricity markets come with a great deal of challenges for
all the involved agents. Self-interested market agents may try to manip-
ulate markets by exercising market power. The impact of such strategic
behaviors is investigated throughout this thesis and, thus, it is essential
to provide an overview of imperfect competition in electricity markets.

Finally, this introductory chapter concludes by presenting the moti-
vation and objectives of the present thesis.

1
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1.1 An Introduction to Electricity Markets

Definition 1.1.1. The term commodity refers to an economic good or
service, the demand for which has no qualitative differentiation across a
market.

To elaborate more on the above definition, an item is defined as a
commodity if it is indifferent for the consumer to buy it from one or the
other seller. The item should, thus, be in raw state only and should be
available to be used right away. Definitely, electricity retains the main
characteristic of a commodity: it is exactly the same for the consumer,
independently from where it is produced, e.g. wind or nuclear. However,
electricity has properties that differentiate it from other commodities:

• electricity is subject to physical rules: it should be used immedi-
ately once generated, since it cannot be stored in large quantities
yet,

• supply of electricity should exactly meet the demand,

• transportation of electricity is subject to physical laws, which lead
to associated costs and losses.

It was only until the very recent past, that electricity has been com-
mercialized as a commodity. Before, power systems were managed by
state-owned entities in a centralized way. However, the so-called eco-
nomic liberalization lead worldwide to the separation of the various fea-
tures involved in electrical power systems, namely generation, transmis-
sion, distribution and retail. Thus, generation and retail of electricity
have been commercialized, promoting the competition of private entities
under a certain market scheme. On the other hand, due to the afore-
mentioned specific properties of electricity, transmission in most cases
remained a monopoly managed by non-commercial entities, which are
entrusted to transmit electrical power from the generation plants to con-
sumers and distribution operators through the electrical grid, having the
responsibility to maintain safety and reliability [2, 3]. In Europe those
entities are, in regional or national level, the Transmission System Oper-
ators (TSO) which are interconnected to each other in order to minimize
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grid instability or failure and to secure supply-demand adequacy. In that
sense TSOs, being natural monopolies, are subject to regulations. Un-
der this context, trading electricity is organized in pools or exchanges.
A detailed overview of the most important trading floors and the main
market participants of the aforementioned electricity pools is presented
in the following subsections.

1.1.1 Organization of Electricity Markets

Definitely, the indispensable “ingredients” of a market are the market
agents that interact under the determined rules, serving individual or, in
cases, societal interests. The main participants of an electricity market
are reported below [4]:

• Producers

Power producers have as main objective to increase their profits by
selling generated power. A power producer can sell energy produced
by traditional means such as nuclear generators, combined heat
and power units, coal operated power plants, etc., as well as from
renewable energy sources such as wind, solar or hydro power plants.
The highest the number of producers participating in the electricity
market, the more competitive the market becomes. As a result,
electricity prices are expected, in principle, to become lower as the
number of participating producers increases. However, as it will
be illustrated in the upcoming sections, markets are -by design-
vulnerable to strategic behaviors which can lead to increased prices
due to the presence of producers with market power.

• Consumers

Consumers are the end-users, i.e., the ones who consume the energy
produced by power producers. They can vary from individuals to
major industrial players. Large consumers can be connected to the
high-voltage grid and purchase energy from the pool. On the other
hand, smaller consumers are connected to the distribution systems,
being supplied energy from bilateral contracts or by retailers. The
target of a consumer is to maximize the utility it obtains from
consuming electricity. This means that a consumer desires to max-
imize the difference between the price it is willing to pay and the
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actual price of the market. Generally, due to the special features of
electricity as a commodity, demand does not significantly change
with the variations in electricity prices. Therefore, in many cases
demand is considered inelastic, meaning that consumers are not
willing to withdraw their demand despite potential high prices.

• Market Operator

Economic management of the market is the responsibility of the
market operator. Market operator manages the market following
a set of predefined and transparent rules and clears the market in
order to define the energy price. In most cases market-clearing pro-
cedures are based on matching offers from producers and bids from
consumers in order to derive market prices, as well as the economic
dispatch of each producer and consumer. The main objective of
market operators in performing the market-clearing is to maximize
social welfare or minimize the generation-side costs when demand is
inelastic. In Europe, there are several energy exchanges operators,
e.g., the European Power Exchange (EPEX SPOT) which operates
short-term electricity markets for Belgium, as well as Germany,
France, United Kingdom and other.

• Transmission System Operators / Independent System
Operators (ISO)

Transmission System Operators in Europe are entities responsible
for reliably and efficiently running the high voltage transmission
systems, being independent from other electricity market players.
They are entrusted to ensure equal access to the power grid to
all market participants according to non-discriminatory and trans-
parent rules. In order to ensure the security of supply, they also
guarantee the safe operation and maintenance of the system. In
Europe, the electricity market also stretches across borders, and
the interconnections between European transmission systems allow
countries to help each other and enable cross-border energy ex-
changes. For this reason, coordination among TSOs is crucial and,
thus, the entity entrusted for this role is the “European Network of
Transmission System Operators for Electricity (ENTSO-E)”, where
each European TSO is equally represented [5]. By March 2017,
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ENTSO-E consisted of 43 members including ELIA, which is the
TSO of Belgium.

Similarly, Indepent System Operators in the United States are non-
profit organizations that coordinate, control and monitor the op-
eration of the electrical power system. Their operating area may
be within a single US State (e.g., the California ISO) or sometimes
expands to multiple states (e.g., the Midcontinent ISO), while in
contrast to TSOs in Europe, they additionally operate the electric-
ity market serving as market operators. Finally, ISOs are entitled
to provide non-discriminatory access to transmission grid and, thus,
must be independent of the transmission grid owners [6].

• Balance Responsible Parties (BRPs)

In Europe, even though the responsibility for maintaining the in-
stantaneous balance between generation and consumption lies with
the TSO, the latter outsources the responsibility to private entities
called Balance Responsible Parties (BRP). For example, in Belgium
a balance responsible party, also called an Access Responsible Party
(ARP), must be appointed for every grid access point, i.e., at ev-
ery point where energy injections or off-takes are performed, for
which is responsible for maintaining the balance. Electricity pro-
ducers, major consumers, electricity suppliers or traders can all be
BRPs and are tasked with maintaining the quarter-hourly balance
between all grid user injections and off-takes for which they are re-
sponsible, based on a contract with the TSO of Belgium, i.e., ELIA
[7].

• Regulators

Regulators are independent entities that are entrusted to guaran-
tee market transparency and competitiveness. They are expected
to serve public interests and defend consumers interests as well as
advising authorities on energy issues. The corresponding entity
serving this role at a European level is the “Agency for the Co-
operation of Energy Regulators (ACER)”. The “Commission for
Electricity and Gas Regulations (CREG)”, is the corresponding
authority for Belgium, being a member of ACER.
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1.1.2 Electricity Pools: Day-Ahead and Real-Time Markets

In transmission level, there are mainly two trading floors for the afore-
mentioned agents to interact: (1) the futures markets and (2) the elec-
tricity pools (or spot markets).

A futures market is an auction market in which participants buy and
sell physical or financial products for delivery on a specified future date.
The most important feature of futures markets is that they allow trading
physical or financial products in the future at today prices. Thus, futures
markets are useful if the price of electricity is highly uncertain in the pool,
which is the case in pool-based electricity markets.

An electricity pool , under which context this dissertation lies, is a
marketplace where energy is traded on a short-term time scale. It typ-
ically includes a day-ahead (DA) market and several shorter-term mar-
kets, called intraday adjustment markets. For example, in Belgium apart
from the DA market there is also the “Continuous Intraday Market”,
which provides a trading floor for market participants to sell and pur-
chase electricity on a continuous basis (from 14:00 the trading day prior
to delivery until 5 minutes before delivery). Additionally, the electricity
pool includes the balancing market which ensures the real-time balance
between supply and demand. In Belgium, the individual BRPs might
face a real-time imbalance, which should be then confronted by the TSO
by activating upward or downward reserves, depending on whether there
is a need for upward regulation, i.e., grid injection, or downward regula-
tion, i.e., decrease in grid injections [8]. In the DA and adjustment mar-
kets, producers submit energy blocks and their corresponding minimum
selling prices for every hour of the market horizon and every production
unit. At the same time, retailers and consumers submit energy blocks
and their corresponding maximum buying prices for every hour of the
market horizon. The market operator collects purchase bids and sale
offers, and clears the market (both DA and adjustment) using a market-
clearing procedure [9]. Market-clearing procedures are comprehensively
explained in the following paragraphs.

The most commonly preferred trading floor in an electricity pool is
the DA market, while adjustment markets are used to make adjustments
to the energy cleared in the DA market. The DA energy exchange takes
place one day in advance and settles contracts for the delivery of energy
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on an hourly basis. The balancing market serves to competitively settle
the energy adjustments required to ensure the constant balance between
electricity supply and demand [9]. As observed in Figures 1.1 and 1.2,
Begium presents an example of the increasing role of spot markets, since
the traded volumes in DA and Intraday markets increased significantly
through the last decade.

Figure 1.1: Belpex (currently EPEX SPOT Belgium) DA market volumes
through the years 2007 - 2014 [1]

In the following lines, we illustrate the aforementioned definitions
with qualitative examples. In a DA market, producers submit their pro-
duction blocks of energy along with the minimum selling prices for the
DA market. At the same time, consumers submit their energy consump-
tion quantities along with the maximum price they are willing to pay.
The above offers and bids are submitted to the market operator at least
24 hours ahead energy delivery and, most commonly, on an hourly ba-
sis for the following day. In the case that transmission constraints are
not considered in the market-clearing process, e.g., in most European
DA markets including Belgium, market operator aggregates demand bids
and generation offers into the so-called merit order curve. This curve has
typically the shape of Fig. 1.3.

As seen from the figure, producers offers (supply curve) are ranked
with increasing price order while consumers bids (demand curve) are
ranked oppositely with decreasing bids order. Accordingly, the intersec-
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Figure 1.2: Belpex (currently EPEX SPOT Belgium) continuous intraday
market volumes through the years 2008 - 2014 [1]

Figure 1.3: Merit order curves

tion point of the supply-demand curves sets the market price. Following
the definition of the market price, all producers with a lower price of-
fer are scheduled and paid on the market-clearing price and, thus, they
profit the difference between the market price and their generation cost.
Similarly, all consumers with higher price bid than the market price are
expected to pay each energy unit in the market-clearing price, benefiting
as well. Under this context, we can define the maximization of social
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welfare as the exact objective of a market-clearing mechanism: that is,
to find the equilibrium between the maximization of aggregate produc-
ers and consumers surplus, indicated by the sum of the corresponding
shaded areas in Fig. 1.3.

The aforementioned market-clearing problem can be mathematically
formulated as an optimization problem, which objective function is the
maximization of the social welfare function subject to a number of con-
straints, as illustrated in Fig. 1.4. A market-clearing process results in

Figure 1.4: DA market-clearing formulation

market-clearing prices, as well as production and consumption schedules.
If the transmission grid is not considered in the market-clearing process,
the resulting market-clearing price is identical for all market agents. This
is, for example, the case in Belgium. On the other hand, if the transmis-
sion network is taken into account for clearing the market, instead of a
single market-clearing price, a locational marginal price (LMP) is asso-
ciated with each node of the power system. Most notable LMP markets
are the markets of PJM Interconnection, ERCOT, New York, and New
England in the US. The LMPs differ across nodes due to line congestion.
If a transmission line is congested, more expensive generation is needed
to be dispatched on the downstream side of the congested line. This in-
crease in expensive generation yields an increase in the market-clearing
prices in those nodes placed on the downstream side of the congested
line. The corresponding optimization model is presented in Fig. 1.5.

With respect to the balancing market, reserve capacity may be se-
quentially procured in a series of auctions run once the DA energy dis-
patch has been determined. These auctions are organized to procure
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Figure 1.5: DA market-clearing formulation considering transmission
constraints (LMP)

reserves with different activation times. The rationale behind this ap-
proach is that the free capacity that has not been successfully placed in
one market can then be offered in the following auctions where the re-
quired activation time for the traded reserve is not as demanding. Con-
sequently, reserve capacity offers that are successful in one market are
not considered in the subsequent ones. On the other hand, DA and
balancing markets may be simultaneously procured using an optimiza-
tion algorithm that captures the strong coupling between the supply of
energy and operation of real-time (RT) market [2]. This approach is il-
lustrated in Fig. 1.6 and will be given special attention throughout this
dissertation. For a comprehensive example of the stochastic two-stage
market-clearing mechanism see book [2] (pages 64-70).

1.1.2.1 Nodal and Zonal Pricing Schemes

As explained in this section, electricity markets around the world share
some common characteristics but they also have significant differences.
More specifically, most of electricity markets in the US operate under
the LMP scheme, which aims in maximizing social welfare considering
transmission network constraints, thus leading to different prices in con-
gested network nodes. For this reason, we refer to this pricing scheme
also as nodal pricing. On the contrary, Europe is currently under a trans-
mission phase completing the internal market in electricity [10], which
aims in a single European energy market, through the implementation
of the so-called Target Model [11]. However, this is an ongoing pro-
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Figure 1.6: Stochastic two-stage DA market-clearing formulation

cess and electricity markets in European countries are still subject to
continuous changes. Electricity markets in Europe follow a zonal pricing
scheme, where the prices may change among different geographical zones,
in contrast to the nodal pricing where prices change among different net-
work nodes. A market zone usually comprises a country, e.g. the case
of Belgium, but there are examples of zones which consist of multiple
countries, e.g., Germany and Austria, or countries which are divided in
multiple zones, e.g., the case of Italy [12].

The advantages and disadvantages of the two different schemes have
been investigated in the technical literature. In [13, 14], authors show
that nodal pricing might be better in preventing market power compared
to the zonal pricing, while [15, 16, 17] indicate problems in market effi-
ciency and highlight the difficulties in optimally defining zones in large
networks. Furthermore, author in [18] notes a greater risk for inefficient
dispatches in the zonal scheme under increased uncertainty, e.g., due to
increased wind power penetration, appraising the possibility of varying
prices across a country (referring to the UK), which would reflect the true
state of the transmission system and give incentives to reduce generation
and investment in constrained areas. Finally, in review paper [19], au-
thor concludes that nodal pricing yields better outcomes in the short and
long term, since congestion is directly reflected in optimal spot prices. On
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the other hand, nodal pricing comes with several disadvantages mainly
related to complexity, such as the possibly complex coordination of the
corresponding sub-markets and the high number of nodal prices that have
to be calculated. The latter, along with political reasons related to the
fact that Europe consists of independent countries, makes zonal pricing
more applicable since it avoids different prices throughout the territory
of a single country.

To this end, in Chapters 2, 3 and 4 we adapt a market-clearing process
without considering network constraints, i.e., a single zone is considered.
On the other hand, in Chapter 5 we evaluate a novel mechanism for
market-clearing and, thus, it is rendered crucial to investigate the model
under a nodal pricing system (LMP market), in order to better reflect the
state of the transmission system and potential congestion on the optimal
market-clearing.

1.1.3 Challenges Related to High Penetration of Wind Power in
Electricity Markets

In principle, the operational cost of wind power generation is very low
[20, 21, 22, 23, 24] or even negative due to incentive schemes that offer
premiums to renewable energy production on top of the market-clearing
price [25]. The result of this important feature is that wind power gener-
ation is scheduled before conventional generation, thus entering the merit
order curve from the left-hand side [2]. Naturally, wind power influences
market prices by shifting the supply curve and, consequently, the inter-
section point of the two curves to the right. This is illustrated in Fig. 1.7,
where the dashed red curve is shifted to the right due to the introduction
of zero-cost wind power generation on the left-hand side. Thus, the cor-
responding price is lower, being the intersection of the supply-demand
curves.

In addition to the decreasing market-clearing prices, wind power pen-
etration introduces important variability in the generation-side of the
power system, due to its stochastic nature. As indicated before, high
wind power penetration means lower prices, as the result of the supply
curve moving to the right. However, the inherent variability of wind
power generation increases the need for backup power generation in RT
in order to fix supply and demand imbalance caused by the unpredicted
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Figure 1.7: The merit order effect : Increasing penetration of renewable
energy in the market tends to lower the average market price of electricity
since those sources have very low marginal costs, thus entering the merit
order curve from the left-hand side.

wind power fluctuations. To this end, balancing markets are important
for wind power producers, since they form the trading floor that allows
them to adjust their contracts in order to match their actual output [2].
Obviously, this leads to increased needs for balancing resources in real
time, which increase the market cost of the RT market.

Considering the above, there is an apparent need for increased flex-
ibility in the market as well as for optimal DA scheduling, to reduce
real-time imbalances. The former corresponds to the need for flexible
generation units, i.e., units that can quickly and efficiently alter the level
of power generation (either increase it or decrease it), in order to pro-
vide reserves for securing supply-demand balance in real time. However,
the increased competitiveness of RES out-competes conventional genera-
tion and along with the introduced increased need for flexible resources,
jeopardizes supply-demand balance in real time. Thus, complementary
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services/products are introduced in a number of electricity markets in
order to ensure balance in RT, e.g., capacity remuneration mechanisms
(CRM) in Belgium, also known as “strategic reserves” [26]. Additionally,
sources of flexibility can be also found in the demand side of the power
system, where demand-response products can help in maintaining the
balance in real time, by paying consumers to voluntarily withdraw their
demand in times of supply scarcity. Lastly, the second challenge refers to
the need for optimal wind power and reserve scheduling, in order to avoid
-to the best possible degree- imbalances in the real time. In this vein,
researchers focus on novel approaches and improvements on wind power
forecasting (e.g., [27]) and new market-clearing mechanisms, which in
contrast to the traditional deterministic ones, are tailored for accounting
stochasticity in the market (e.g., [28]).

1.2 Competition in Electricity Markets and Economic
Aspects

1.2.1 Design Principles of Electricity Markets

The main purpose of restructuring electricity markets is to increase com-
petition which is expected to lead in decreasing electricity prices and
increased social welfare. The new market design creates an open en-
vironment by allowing producers to compete and consumers to choose
from whom they will be delivered their energy. Even though the imple-
mentation of the market design principles varies from region to region,
successful operation of electricity markets should satisfy some common
criteria. Therefore, market operator’s success is subject to ensuring the
following properties [3]:

• Power System Reliability

Power system reliability refers to ensuring supply and demand bal-
ance. To achieve this goal, market operator coordinates with the
system operator, while in many cases the two actors can be a sin-
gle entity (e.g., US markets CAISO, NYISO, etc.). System opera-
tor contributes to the design of the market in order to ensure that
market rules will support reliable power system operations. During
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operation, market operator exchanges information with the system
operator about the state of the power system and reliability needs.

• Market Transparency

Transparency is of great importance for a market to be compet-
itive. Market rules should be clear and market signals should be
predictable for each participating market agent. Therefore, there is
the need for a market design in which actual power system operat-
ing conditions are reflected in the market results. In this context,
transparency is the ability of individual participants to understand
that the market signals they receive are consistent with minimizing
the system cost, with maximizing the individual participant’s rev-
enue and with power system operating conditions. For example, in
the case of an LMP market, market transparency is supported by
publishing the binding constraints and market prices. The prices
are consistent with the constraints, providing incentives that rein-
force participants behavior to maintain and/or increase reliability.

• Revenue-Adequacy

While maintaining system reliability and transparency, the mar-
ket must also be consistent with revenue-adequacy principles, en-
suring that the revenue it collects from consumers is enough to
pay the producers costs. In cases where electricity markets are
cleared considering the transmission network constraints, revenue-
adequacy translates in collecting sufficient congestion charges in
order to support the price incentives given to producers and con-
sumers to maintain system reliability.

• Cost-Recovery Additionally to the market operator, financial cer-
tainty should also be ensured for market participants as well. That
said, cost-recovery should be secured for market-participants, which
means that market participants should be ensured that they are not
going to face losses by participating in the market.
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• Market Efficiency

Market efficiency describes how well the market applies available
resources to maximize market objectives, i.e., maximization of so-
cial welfare. Efficiency is included in the market-clearing objective
function which models the production costs, demand bids and, in
many cases, network constraints. The resulting operational instruc-
tions (e.g., unit dispatch) and prices are consistent with the optimal
dispatch, thus achieving transparency and, at the same time, oper-
ational efficiency.

1.2.2 Market Power

Under the assumption of perfect competition, i.e., there is no market
agent that exercises market power, the design of the DA and the RT mar-
kets, as presented previously, guarantees all the aforementioned proper-
ties. However, electricity market offers in practice a trading arena where
participating agents may have the opportunity to exercise market power
in order to alter market-clearing outcomes and increase individual in-
terests. Under this context, competitive behavior is not to be confused
with market power which may have crucial impact on social welfare and
electricity prices.

Based on their ability to exercise market power, producers can be di-
vided in two categories, namely strategic producers or price-makers which
have the capacity to exercise market power and competitive producers or
price-takers . A price-taker producer is willing to sell its generated elec-
tricity as long as it is paid in a price at least equal to its marginal pro-
duction cost, ensuring cost-recovery. In case the market-clearing price
is equal to producer’s marginal cost, the latter is called marginal pro-
ducer , being the one that defines the market price. On the other hand, a
price-maker producer can behave differently and exercise market power
in two ways: (1) by withholding a part of its capacity in order to let more
expensive units to become the marginal ones or (2) by raising its price
offer in order to increase market-clearing prices.

Given that an optimal market design is important to satisfy the three
main properties of revenue-adequacy, efficiency and cost-recovery, strate-
gic behaviors may jeopardise the optimal operation of a market. In the
case of the traditional market-clearing models, those three properties are
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satisfied only under the assumption that all participants are price-takers,
which is rather unrealistic. If price-makers are present in the market, then
market-clearing results may be manipulated leading to increased prices
and decreased social welfare. It is, therefore, of great interest to inves-
tigate market mechanisms considering the impact of potential strategic
behaviors. To this end, in the following lines we present some basic
concepts with respect to markets that include strategic agents, which
compete in non-cooperative environments and exercise market power.

1.2.3 Basic Concepts of Game Theory and Mechanism Design

1.2.3.1 Game theory

Game theory aims to help us in understanding situations in which
decision-makers interact. A game in the everyday sense, i.e., a com-
petitive activity in which players compete with each other according to
a set of rules, is an example of such a situation, but the scope of game
theory is vastly larger. In the last 50 years, game theory has become
a useful analytic tool for the assessment of strategic behavior of market
players in an oligopoly setup [29, 30]. An example of adapting game
theory to power systems is the following: in an oligopolistic electricity
market the producer may be seen as a market player submitting offers
higher than the marginal cost and aiming to its surplus maximization.
The objective function of the market-clearing optimization problem is
altered by replacing producers marginal costs with their strategic offers
[31]. In order to provide some general definitions related to game theory
as a subfield of the economic theory, we will adapt, for the following lines,
the terms “game” and “player”, which under the context of this thesis
naturally correspond to electricity market and market agents.

A strategic game is a model of interacting players, where each player
has a set of possible actions. The model captures the interactions among
the players by allowing each player to be affected by the actions of all
players, not only by its own action. Specifically, each player has prefer-
ences about the action profile, which represents the list of all the players
actions. More formally, a strategic game consists of:

• a set of players,
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• for each player, a set of actions,

• for each player, preferences over the set of action profiles.

The most common models in the literature analyzing market power
in electricity markets are presented briefly below:

1. Cournot model

The Cournot model, a generalization of the duopoly game formu-
lated by A. Cournot in [32], describes a setup where each producer
wants to maximize profits by offering production quantities, as-
suming that the output of other producers does not depend on its
output decisions. The Cournot approach yields a direct outcome in
terms of price and quantities as a function of the demand function.

2. Stackelberg model

The Stackelberg model, first introduced in [33], is a non-cooperative
competition game with a dominant player which is called leader and
a number of other players called followers. The leader of the game
maximizes its profit by anticipating the responses of the rest of
the players, which are perfectly known. Then, given the leader’s
strategic decisions, followers compete with each other in a non-
cooperative manner. The Stackelberg model is used in this thesis,
and more particularly in Chapters 2 and 3, where the leader is a
wind power producer with large enough capacity to exercise market
power, while the rest of conventional or wind producers are the
followers with no strategic behaviors.

3. Multi-leader-follower game

A multi-leader-follower game [34] is an extension of the Stackel-
berg game where there exist more than one leaders in the game
competing non-cooperatively with each other. This process is real-
ized by each leader anticipating the strategy of the rival leaders in
its offering strategy. A specific case of this game is the multi-leader-
common-follower game, which realizes if the follower responses are
common across all leaders. The equilibrium reached in such a game
can be identified as Generalized Nash Equilibrium (GNE), which is
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a generalization of the standard Nash Equilibrium, presented in the
following paragraph. Such a game is considered under the context
of Chapters 4 and 5, where multiple strategic producers are con-
sidered in the market competing each other in a non-cooperative
manner. The role of the common follower is taken by the market
operator, whose objective and decision-making strategy is antici-
pated by the competing producers.

Nash Theory or Nash Equilibrium is a solution theory of non-
cooperative games involving two or more players, according to which
no player has the incentive to move from this solution by unilaterally
changing its strategy. Let us assume that each player chooses the best
available action. In a game, the best action for any given player depends,
in general, on the other players actions. Thus, when choosing an action,
a player must have in mind the actions other players may choose. That
is, each player must form a belief about the other players actions. The
assumption underlying the analysis, under the context of a Nash game,
is that each player’s belief is derived from its past experience playing
the game, and that this experience is sufficiently extensive that it knows
how its opponents will behave ∗. Although we assume that each player
has experience playing the game, we assume that it views each play of
the game in isolation. It does not become familiar with the behavior of
specific opponents and consequently does not condition its action on the
opponent it faces; nor does it expect its current action to affect the other
players future behavior.

In summary, the Nash solution theory has two components: (1) each
player chooses its action according to the model of rational choice (that
is being self-interested), given its belief about the other players actions
and (2) every player’s belief about the other players actions is correct.
These two components are embodied in the following definition:

Definition 1.2.1. A Nash equilibrium is an action profile, a∗, with the
property that no player i can do better by choosing an action different
from a∗i , given that every other player j adheres to a∗j .

∗On the contrary, multi-agent reinforcement learning provides a framework where
agents learn an optimal behavior through trial-and-error interactions with their envi-
ronment, see e.g. [35, 36].
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Based on the above definition, in the framework of this thesis and
more specifically Chapters 4 and 5, searching for the Nash equilibrium of
the market corresponds to finding a set of strategic producers price offers,
under which no producer wishes to change its strategy unilaterally, given
that a change in his strategy would only result in lower profits.

1.2.3.2 Mechanism design

Mechanism Design Theory (MDT) [37] is another branch of economic
theory that differs from game theory in the sense that game theory takes
the rules of the game as given, while MDT asks about the consequences
of different types of rules. Naturally, this relies heavily on game theory.
Questions addressed by MDT include the design of compensation and
wage agreements that effectively spread risk while maintaining incen-
tives, and the design of auctions to maximize revenue, or achieve other
goals. MDT is, thus, a subfield of economic theory that is rather unique
within economics in having an engineering perspective and is interested
in designing economic mechanisms [38]. In order to formally define MDT,
let us first define social choice. A social choice is an aggregation of the
preferences of the different participants toward a single joint decision.
MDT attempts implementing desired social choices in a strategic setting
- assuming that the different members of society each act rationally in a
game-theoretic sense, being self-interested. Such a strategic design is nec-
essary since usually the preferences of the participants are private and,
thus, the main assumption of the Nash Equilibrium, does not usually
hold in practice.

The MDT is, thus, the science, belonging to the family of game the-
ory, of designing the rules of a game in order to achieve outcome, even
though each participant may be self-interested. This is done by setting
up a structure in which each player has the incentive to behave as the
designer intends. Based on this, it is commonly referred to as reverse
game theory. In MDT, it is important for the designers of a game to
achieve the following four main properties:

• Incentive-compatibility , meaning that every participant can achieve
the best outcome to itself just by acting according to its true pref-
erences, i.e., being non-strategic. We can distinguish two different
categories of incentive-compatible mechanisms:
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1. a mechanism that imposes truthfulness to be each player’s
best strategy, independently of other players actions, called
also dominant strategy incentive-compatible or strategy-proof
mechanism.

2. a mechanism that, being incentive-compatible in a weaker de-
gree, imposes truthfulness to be each player’s best strategy
only if all rivals also act truthfully, i.e., truthfulness is a Nash
Equilibrium.

• Individual rationality , meaning that a solution is only acceptable if
participants gain value by participating in the game, ensuring that
way their participation. Therefore, individual rationality ensures
cost-recovery in electricity markets.

• Budget balance, which ensures that the market collects enough rev-
enue from purchasers in order to pay the suppliers. Obviously,
budget deficit is an undesirable result in a market, requiring exter-
nal budget to support market functioning. On the other hand, in
some markets it is preferable to maintain as much wealth as possi-
ble within the group of agents and, thus, budget surplus is as well
to be minimized. In electricity markets, budget surplus might ap-
pear (e.g., in LMP markets) due to congestion, which corresponds
to payments transferred to the grid operator.

• Social welfare maximization, achieved by aggregating all partici-
pants preferences into a common preference. In electricity mar-
kets, maximizing social welfare is equivalent to maximizing market
efficiency.

Unfortunately, it is impossible to guarantee all four properties in a
market design. Hurwicz in [39] first showed a conflict between efficiency
and strategy-proofness in a simple two agent model, summarized by the
theorem, also called Hurwicz Impossibility Theorem, which states that “it
is impossible to implement an efficient, budget-balanced, and strategy-
proof mechanism in a simple exchange economy with quasi-linear prefer-
ences”. Hurwicz Impossibility Theorem was extended later by the My-
erson and Satterthwaite impossibility theorem [40], which proves that no
mechanism is capable of achieving individual rationality, efficiency, and
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budget balance at the same time for general valuation functions, even
if solution is loosened to refer to Bayes-Nash equilibrium [41]. Albeit
negative this result is, fortunately, it is possible to achieve incentive-
compatibility, efficiency, cost-recovery and weak budget balance in a
number of interesting domains. This possibility is studied under the
context of Chapter 5, exploring the Vickrey-Clarke-Groves mechanism in
electricity markets and comparing it with the LMP market scheme.

1.2.3.3 Vickrey-Clarke-Groves mechanism

In MDT, a Vickrey-Clarke-Groves (VCG) mechanism is a generic truthful
mechanism for achieving a socially-optimal solution [29, 38]. It forms a
generalization of the VCG auction which is the collective outcome of the
research works of Vickrey [42], Clarke [43] and Groves [44]. The property
of truthfulness that VCG secures in a market is the motivation behind
the work presented in Chapter 5. Therefore, in the following lines we
introduce the mechanism and its basic features.

Nash equilibrium, as previously presented, is based on the assump-
tion that all players preferences are known perfectly, either from previous
experience or because agents report them truthfully. However, in set-
tings with self-interested agents, such as electricity markets, it is rather
unlikely that agents would be willing to publicly reveal their true prefer-
ences. To this end, VCG is explored in Chapter 5 under the context of
electricity markets. The main idea behind VCG mechanism lies in the
fact that each player is paid an amount equal to the sum of the values of
other players. In other terms, VCG has the property to eliminate incen-
tives for misreporting values, by penalizing any player by the cost of the
distortion it causes.

Before we give the formal definition of the VCG mechanism, based
on [38], the notation is explained hereafter: the preference of each player
i ∈ I, is modeled by a valuation function vi ∈ Vi and its payment by pi.
The players that win in the auction, i.e., their bids/offers are accepted,
are denoted by α. Let vi = (v1, ..., vn) be an n-dimensional vector, then
we denote by v−i ∈ V−i the (n − 1)-dimensional vector in which the
ith coordinate is removed, i.e., vi = (v1, ..., vi−1, vi+1, ..., vn). Lastly, the
aggregate utilities of all players, i.e., social welfare function, is denoted
by f(v1, ..., vn).
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Based on the above, the formal definition of the VCG mechanism is
given below:

Definition 1.2.2. A mechanism (f, p1, ..., pn) is called a Vickrey-Clarke-
Groves (VCG) mechanism if

• f(v1, ..., vn) ∈ argmaxα∈A
∑

i vi(α); that is, f maximizes the social
welfare, and

• for some functions h1, ..., hn, where hi : V−i → R (i.e., hi does
not depend on vi), we have that for all v1 ∈ V1, ..., vn ∈ Vn :
pi(v1, ..., vn) = hi(v−i)−

∑
j 6=i vj(f(v1, ..., vn)).

The main idea lies in the term −
∑

j 6=i vj(f(v1, ..., vn)), which means
that each player is paid an amount equal to the sum of the values of all
other players. When this term is added to its own value vi(f(v1, ..., vn)),
the sum becomes exactly the total social welfare of f(v1, ..., vn). Thus, the
mechanism aligns all players incentives with the social goal of maximizing
social welfare, which is exactly achieved by telling the truth. The term
hi(v−i) does not depend on what player i reports and, thus, it has no
strategic value for i. A similar proof regarding incentive-compatibility
in VCG mechanism, but specifically for the electricity market model of
Chapter 5, is presented in the corresponding chapter.

1.3 Thesis Features and Objectives

This PhD thesis copes with the importance of information in modern
electricity markets and market-clearing mechanisms. Its main objec-
tive is to evaluate potential solutions for increasing market efficiency,
based on information sharing and incentive-compatible market mecha-
nisms. Under this context, a number of exact mathematical programs
are developed that aim to capture the impact of information availabil-
ity as well as incentive-compatibility, for improving market-functioning.
In an effort to accurately represent interactions among various market
agents in modern electricity markets, the following features are present
throughout the thesis:
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• The spot market (DA and RT) is cleared by the market operator
based on producers offers and demands bids.

• Market operator aims in maximizing social welfare (or minimizing
operational costs for inelastic demand).

• Producers aim in maximizing their profits, by optimizing their of-
fering portfolio, while they may have strategic behavior. This trans-
lates in a decision-making process where producers anticipate mar-
ket operation in their strategy in order to alter market results on
their individual benefit.

• Stochastic co-optimization of DA and RT markets is preferred in
Chapters 2, 3 and 5 over a deterministic DA market-clearing ap-
proach, in order to better capture the stochastic nature of wind
generation, given that traditional market-clearing mechanisms are
strongly focused on deterministic conventional generation.

Under the above general context, this thesis work sets the following
two research objectives:

1. Impact of Wind Forecast Information Availability in Elec-
tricity Markets with High Penetration of Wind Power.

The first set of objectives concerns the increasing value of wind
forecasts on market outcomes and agents interactions in the mar-
ket. Chapters 2-4 are dealing with the above objective, and more
specifically:

• Chapter 2 evaluates the impact of sharing individual and, a
priori, private wind power forecasts on the market outcomes.
A three-step evaluation framework is explored which consists
of the strategic wind producer’s offering model, a stochastic
DA and RT co-optimized market model and, lastly, an out-of-
sample deterministic analysis of RT market-clearing. Follow-
ing a numerical study based on the aforementioned framework,
the impact of sharing forecasts between the wind producer and
the market operator is evaluated with respect to both market
agents objectives.
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• Chapter 3 capitalizes on the same setup but additionally con-
siders a second wind power producer who adds another source
of uncertainty to strategic wind producer’s decision-making
problem. Under this context, the impact of the additional
source of uncertainty is studied.

• Lastly, Chapter 4 further extends the context of the previous
chapters by considering multiple strategic producers in the
market, some of them including in their generation portfolios
wind power. Driven by recent directives regarding publica-
tion of data, the effect of aggregate wind forecasts, published
by market operators worldwide, is evaluated with respect to
producers strategies and market outcomes.

2. Mechanism Design Towards Incentive-Compatibility in
Electricity Markets with High Penetration of Wind Power.

Today’s electricity markets are vulnerable to manipulation. In or-
der to maximize its objective, market operator would optimally
avoid receiving manipulated and false information regarding mar-
ket participants information, i.e., their production costs, consump-
tion values, generation capacity, etc.. Thus, the scope of Chapter
5 is to investigate a new payment scheme, based on the economic
theory of MDT, which aims in eliciting truthful information from
all participants, by incorporating into their payments the distortion
they cause to the market.

Under this context, Chapter 5 copes with the following specific
objectives:

• Propose a VCG model for a two-stage stochastic market,
where the first stage is the DA market-clearing and the second
is the expected RT power adjustments based on a set of wind
power scenarios.

• Comprehensively compare the VCG mechanism with the cor-
responding LMP mechanism under perfect and imperfect com-
petition for increasing levels of wind power penetration.

• Evaluate the results from both producers and demands view-
points, i.e., producers profits and demands payments, respec-
tively.
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• Evaluate the impact of congestion in the transmission network
and compare the results with market-clearing excluding the
transmission constraints.

• Suggest a solution scheme for partially recovering the negative
budget imbalance of the market under VCG, in order to ensure
revenue-adequacy.
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Impact of Wind Forecast Information
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Chapter 2

Sharing Wind Power Forecasts in Electricity
Markets

2.1 Introduction

In this chapter we investigate a stochastic day-ahead (DA) market setup,
where the wind producer and the market operator may have different
forecasts for wind power generation. Under this context, the impact of
sharing private forecast information on market outcomes as well as on
producers interests is evaluated.

2.1.1 Motivation

In an electricity pool with significant share of wind power, all generators
including conventional and wind power units are generally scheduled in
a DA market based on wind power forecasts. Then, a real-time (RT)
market is cleared given the updated wind power forecast and fixed DA
decisions to adjust power imbalances. This sequential market-clearing
process may cope with serious operational challenges such as severe power
shortage in real time due to erroneous wind power forecasts in DA mar-
ket. To overcome such situations, several solutions can be considered
such as adding flexible resources to the system, e.g., peaking units and
demand response providers [45, 46]. In this chapter, we address another
potential solution based on information sharing in which market players
share their own wind power forecasts with others in DA market. This so-
lution may improve the functioning of sequential market-clearing process
through leading to more informed DA schedules, which reduces the need
for balancing resources in RT operation. The potential value of sharing
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forecasts for the whole system in terms of system cost reduction is numer-
ically evaluated. Additionally, its impact on each market player’s profit is
analyzed. The framework of this study is based on a stochastic two-stage
market setup, which allows us to gain further insights into the impact of
information sharing, as well as complementarity modeling, which refers
to optimization models which are complemented (constrained) by other
optimization problems (see Appendix A).

2.1.2 Literature Review and Contributions

Over the last decade, the share of wind power has rapidly grown. For ex-
ample, wind power is the generating technology with the highest rate for
new installations in Europe, reaching 128.8 GW of installed capacity [47].
Germany is currently the leading country in terms of installed capacity
with more than 39 GW installed by the end of 2014, while Denmark is
a pioneer country in terms of the high share of wind power production,
covering the same year almost 40% of its electricity consumption from
wind power [48]. However, uncertainty and variability in wind power
production pose operational challenges in electricity markets. Under this
context, wind power forecast and the level of its accuracy are key fac-
tors in modern power systems. This rises up a need for re-thinking the
design of electricity markets as the share of stochastic non-dispatchable
production increases.

The importance of wind power forecast accuracy for improving the op-
eration of wind-integrated power systems is investigated in a large num-
ber of papers and technical reports in the existing literature. Reference
[27] gives an overview of the recent advances in wind power forecast tech-
niques. Although such techniques are constantly improving, wind fore-
casts are still followed by a considerable error especially in DA timescale
[49, 50, 51]. This error leads to several operational challenges in electric-
ity markets addressed in [52, 53, 54, 55]. One potential solution to cope
with those challenges is to add various operational flexible resources to
the market such as peaking units and demand response providers [45, 46].
The operational value of those resources is evaluated in [56, 57, 58].

However, in this chapter we address another potential solution for sys-
tem functioning improvement, i.e., sharing wind power forecasts among
different players, which may assist market players to build a more ac-
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curate wind power distribution than the one they individually forecast.
Note that this sharing mechanism can improve the forecast of each player
only if the shared forecasts are not fully correlated. This condition is
consistent with the real-world electricity markets because the forecast of
each market player is dependent not only on public numerical weather
prediction (NWP) models, but also on the forecasting methodology of
that player and its historical forecast error data. In case we assume that
all players have the same beliefs about all technical characteristics of the
system except the future wind power, sharing wind power forecasts al-
lows to characterize the market competition as a game-theoretic model
with complete information (instead of one with incomplete information).

A short-run electricity market is considered with two sequential trad-
ing floors: DA and RT markets. The DA market is cleared based on
all bids and offers, such as wind producers offers. Given the fixed DA
decisions, the market operator clears RT market based on updated wind
power forecasts, which might be different than the wind producers dis-
patch in DA market. Two different setups are generally available in the
literature to manage wind power uncertainty within a sequential DA-RT
framework: deterministic and stochastic. In the first one, the market op-
erator clears DA market based on all submitted bids and offers (including
wind producers offers) and determines the DA schedules, while no other
possibility for future wind power realization is considered. However, the
market operator accommodates a number of market products, e.g., flexi-
ramp [59], based on exogenous minimum requirements to provide oper-
ational flexibility against future wind power mismatch. In contrast, DA
market is cleared stochastically in the second setup in which the mar-
ket operator clears the DA market considering submitted bids and offers
(including wind producers offers) as well as a number of scenarios for
future wind power realization [28, 60, 61, 62, 63, 64, 65]. In this work, a
stochastic market setup is used for two main reasons. Firstly, it results in
more informed DA schedules than the deterministic one, and therefore,
reduces the total expected system cost, given that wind scenarios repre-
sent accurately enough the actual realization [28]. Secondly, the nature
of information sharing is stochastic, i.e., the deterministic setup avoids
appropriately capturing different features of shared information. Under
this stochastic setup, the mathematical problem for clearing DA market
is formed as a stochastic two-stage programming problem [9], whose out-
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comes are scenario-independent DA schedules (here-and-now decisions)
and scenario-dependent RT operations (wait-and-see decisions).

Under the above context, a market is considered in which the wind
producer and the market operator independently forecast wind produc-
tion in DA timescale. It is intuitively expected that sharing wind power
forecasts among wind producers and market operator may yield improved
social welfare (or reduced system cost) through generating a more qual-
ified wind forecast distribution, though not necessarily at the benefit of
each individual market player. This potential value is numerically evalu-
ated from system perspective in terms of expected system cost, i.e., the
total cost across all market players, as well as from producers point of
view.

Under the considered market setup, one potential concern is that shar-
ing wind power forecasts among wind producers and market operator may
bring market power for wind producers to alter market-clearing outcomes
to their own profit. In other words, each wind producer may behave more
strategically if it has better knowledge on its stochastic production. To
address such a concern, a complementarity approach [66, 67] is used to
model the strategic behavior of a wind producer with and without shar-
ing forecasts. This requires solving a stochastic mathematical program
with equilibrium constraints (MPEC) to determine an optimal offering
strategy of the wind producer (regarding MPECs see Appendix A). Con-
sidering multiple wind producers forms a stochastic equilibrium problem
with equilibrium constraints (EPEC), which is generally hard-to-solve
since it aggregates in an optimization model a number of MPECs equal
to the number of strategic agents. A relevant analysis considering multi-
ple wind producers is the topic of the following two chapters (Chapters
3 and 4).

Another potential concern is that the analysis of this study is subject
to the realized wind power in real time. To address such a concern, an
extensive out-of-sample assessment [68] is carried out, considering a large
number of different wind power realizations. This numerical analysis
allows us to compare the expected system cost and the profit of each
individual producer with and without sharing wind power forecasts.
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Under this context, the contribution of this study is threefold:

• To propose a three-step evaluation framework that numerically as-
sesses the value of sharing wind power forecasts between a wind
producer and the market operator, which allows them to generate
more qualified scenarios. This potential value is evaluated in terms
of a reduction in expected system cost.

• To numerically analyze the impact of sharing wind power fore-
casts on potential strategic behavior of wind producer and on con-
ventional producers expected profits. The former is investigated
through a sensitivity analysis.

• To carry out an extensive out-of-sample assessment that allows us
to compare expected system cost and expected profit of different
players with and without sharing wind power forecasts.

2.1.3 Chapter Organization

The rest of the chapter is organized as follows: Section 2.2 proposes
a three-step evaluation framework for sharing wind power forecasts in
electricity markets and provides the corresponding mathematical formu-
lations. Section 2.3 provides numerical results for a large case study based
on the IEEE one-area reliability test system and discusses the main find-
ings. Finally, Section 2.4 concludes the chapter and summarizes its main
features.

2.2 Evaluation Framework

2.2.1 Features and Assumptions

For the purpose of this Chapter, a number of assumptions were consid-
ered which are listed below:

1. An imperfectly competitive electricity market is considered, in
which the wind producer and conventional units may offer strate-
gically [69, 70].
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2. To avoid forming an EPEC, the strategic offering problem of wind
producer is solved while assuming the offer curves of rival conven-
tional units as fixed parameters. These parameters are generally
uncertain, which brings another source of uncertainty. In line with
[71, 72, 73, 74], we exclude such an uncertainty. Therefore, we as-
sume that the wind producer perfectly knows the offering strategy
of its conventional rivals.

3. Similarly to [70, 71, 73] and for the sake of simplicity, transmission
constraints are not enforced. A relevant formulation considering
transmission constraints can be found in Chapter 5.

4. Unlike coal or gas-fired power plants, the operational cost of wind
producers is negligible since they are not incurred by the fuel costs.
In some realistic electricity markets, this cost is even negative due
to renewable incentives [25]. As it is customary in the technical
literature, e.g., [20, 21, 22, 23, 24], we assume that the wind pro-
duction cost is zero.

5. Given that network constraints are not considered, it is assumed
that a single wind power producer carries all wind power uncer-
tainty in the market. This designing decision is based on the fol-
lowing two features:

• From the market operator perspective, given that network
constraints are not considered, the economic dispatch of sev-
eral wind producers with the same operational costs would be
indifferent compared to a single wind power farm, summing
up to the aggregate capacity.

• On the other hand, considering several wind producers with
price-making offering behavior, the formulation of a non-
cooperative game would be unavoidable, forming an EPEC
which is out of the scope of the current chapter. This ex-
tension is, however, investigated under a different context in
Chapter 4.

6. In addition, the inter-temporal constraints, e.g., ramping limits of
conventional power units, are not enforced and thus a single-hour
auction is considered, which is consistent with the relevant litera-
ture [70, 71, 74, 75].



2.2. EVALUATION FRAMEWORK 35

7. Finally, demand is assumed to be inelastic to price, as in [76]. In-
elastic demand refers to the case where consumers are not willing
to withdraw their demand from the market, despite potential high
prices. Demand is also considered deterministic in order to avoid
additional sources of uncertainty.
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Figure 2.1: Illustrative representation of the market setup of Chapter 2

The aforementioned setup is illustrated in Fig. 2.1. As shown, wind
producer anticipates the stochastic two-stage electricity market, based
on the available information which include offers from conventional pro-
ducers, demand bids and a wind power forecast. In this chapter, we
consider a single strategic wind power producer, while the offers of the
rest market participants are fixed and assumed to be perfectly known.
After solving the strategic offering optimization problem, wind producer
submits its strategic wind power offer to the DA market. Then, the DA
market is cleared one day in advance, based on the strategic wind power
offer of wind producer along with the fixed offers of the rest producers
and demands. Note that due to the two-stage DA market-clearing ap-
proach, the DA market is cleared anticipating RT market-clearing based
on a set of wind power scenarios. Finally, the RT market is solved, where
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imbalances with respect to DA schedules, are adjusted by reserves, load
shedding or wind power curtailment.

2.2.2 Proposed Three-Step Framework

The proposed three-step evaluation framework is schematically depicted
in Fig. 2.2 and explained in detail as follows:

1. Step 1 derives the offering strategy of wind producer through a
complementarity model, whose objective is to maximize wind pro-
ducer’s expected profit. Three offering options are available for the
wind producer to exert its market power: i) strategic offering in
terms of quantity, ii) strategic offering in terms of price, and iii)
strategic offering in terms of both quantity and price. Note that
the market impacts of all options are similar. In this study, we con-
sider the first option, i.e., the wind producer derives its strategic
quantity offers. This allows the wind producer to withhold a part
of its production. However, it offers its quantity at a non-strategic
price, i.e., its marginal cost (zero). This offering setup for the wind
producers is more consistent with the real-world markets since they
usually offer at zero (or even negative [25]) price.

2. Given the quantity offer of the wind producer in Step 1, the market
operator stochastically clears DA market considering foreseen wind
power scenarios.

3. Given the DA schedules in Step 2, the RT market is cleared for
a large number of wind power realization scenarios, which are not
necessarily the same with wind producer or market operator fore-
casts in DA (out-of-sample assessment).

Note that scenarios involved in Steps 1 and 2 are generated based
on available wind power forecasts in DA market, while Step 3 is solved
based on actual realizations in RT.

The aforementioned three-step framework is investigated for two dif-
ferent analyses. The first analysis (so-called non-sharing analysis) con-
siders that the wind power producer and the market operator use their



2.2. EVALUATION FRAMEWORK 37

����������������

�������������������

�����

������������������

���������������

�����������

����������

����������
���������

�����������

������ ������ ������

��������������

����������������

���

��������

������������
��������

�������������������

��������

����������������

��������

��������������������

��������

�����������������

��
��
��
��
��
��
��
�� ����������������

�������������������

��������

������������������

��������

�����������
��������

Figure 2.2: The proposed three-step evaluation framework: non-sharing
and sharing analyses

own forecasts which may follow different distributions. Therefore, differ-
ent sets of scenarios are considered in Steps 1 and 2. The second analysis
(so-called sharing analysis) considers that the market operator and wind
producer share their forecast information, and therefore, the decisions of
the first and second steps are made based on an identical set of scenarios.

The proposed three-step framework is mathematically explained in
the following subsections. The symbols used in this chapter are defined
below. Note that superscript (.) within variables refers to the corre-

sponding step of that symbol. For example, p
G,(S1)
i is a variable in Step

1.

Notation

Sets:

Ω Set of wind producer’s scenarios

S Set of market operator’s wind power scenarios

I Set of conventional power units

D Set of demands
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Indices:

ω Index for scenarios generated based on wind producer’s fore-
cast

s Index for scenarios generated based on market operator’s
forecast

i Index for conventional power units

d Index for demands

Parameters:

P
D

d Quantity bid of demand d [MW]

P
G

i Quantity offer of conventional power unit i [MW]

P act Actual wind power realization [MW]

PMO
s Wind power forecast of market operator under scenario s

[MW]

PW
ω Wind power forecast of wind producer under scenario ω

[MW]

λG
i Offer price of conventional power unit i [e/MWh]

λU
i Operational cost of conventional power unit i for providing

upward reserve [e/MWh]

λD
i Operational cost of conventional power unit i for providing

downward reserve [e/MWh]

γω Probability of scenario ω

πs Probability of scenario s

RU
i Upward reserve capacity of conventional power unit i [MW]

RD
i Downward reserve capacity of conventional power unit i

[MW]

V shed
d Value of lost load for demand d [e/MWh]
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DA Variables:

λDA,(.) DA market-clearing price [e/MWh]

p
G,(.)
i DA dispatch of conventional power unit i [MW]

pW,(.) DA dispatch of wind producer [MW]

pW,of,(.) Quantity offer of wind producer [MW]

RT Variables:

λ
RT,(.)
ω Probability-weighted RT market-clearing price under sce-

nario ω [e/MWh]

p
spill,(.)
ω Wind power spillage under scenario ω [MW]

r
U,(.)
i,ω Upward power adjustment of unit i under scenario ω [MW]

r
D,(.)
i,ω Downward power adjustment of unit i under scenario ω

[MW]

l
shed,(.)
d,ω Involuntarily load shedding of demand d under scenario ω

[MW]

Note that the definition of each RT variable with subscript s is similar
to that with subscript ω, but under market operator’s scenarios.

2.2.3 Step 1: Offering Strategy of the Wind Producer

The strategic quantity offer of a wind producer is derived in this step us-
ing a stochastic complementarity model, which is similar to one proposed
in [71] and [72] but derives strategic quantity offers instead of price offers.
To this end, we use bilevel model (2.1), whose upper-level (UL) problem,
i.e., (2.1a)-(2.1b), maximizes wind producer’s expected profit and derives
strategic offers, and whose lower-level (LL) problem, i.e., (2.1c)-(2.1m),
clears the market through minimizing the expected system cost. Dual
variables are indicated in each LL constraint after a colon. Note that in
bilevel model (2.1), the wind producer’s own scenarios (ω ∈ Ω) are con-
sidered (referring to non-sharing analysis), and therefore, variables and
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stochastic parameters are indexed by ω. In the case of the sharing anal-
ysis, index ω needs to be replaced by a new one, e.g., index h, referring
to the shared scenarios.

More precisely, the UL objective function (2.1a) below, maximizes
the wind producer’s expected profit and includes:

• The wind producer’s profit in DA market, being the product of DA
market-clearing price, i.e., λDA,(S1), and scheduled quantity, i.e.,
pW,(S1).

• The wind producer’s expected profit/cost in RT market, being
the product of the probability-weighted RT market-clearing price,
i.e., λ

RT,(S1)
ω , and wind power excess/deficit in RT, i.e., PW

ω −
pW,(S1)−pspill,(S1)

ω .

Maximize
pW,of,(S1), ΞLL,P ∪ ΞLL,D

λDA,(S1) pW,(S1) +
∑
ω∈Ω

λRT,(S1)
ω

(
PW
ω − pW,(S1) − pspill,(S1)

ω

)
(2.1a)

The UL objective function (2.1a) is subject to the UL constraint
(2.1b) and to the whole LL problem (2.1c)-(2.1m). The UL constraint
(2.1b) below, imposes the strategic quantity offer of wind producer, i.e.,
pW,of,(S1), to be non-negative.

pW,of,(S1) ≥ 0 (2.1b)

The LL objective function (2.1c) minimizes the expected system cost
including generation-side costs in DA and RT as well as load shedding
costs in RT and is subject to the constraints (2.1d)-(2.1m). Recall that,
the formulation of the LL problem, i.e., the two-stage electricity market-
clearing, has been illustratively presented in Chapter 1, Fig. 1.6.

λDA,(S1), pW,(S1), λRT,(S1)
ω , pspill,(S1)

ω ∈ arg minimize
ΞLL,P

{
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∑
i∈I

λG
i p

G,(S1)
i +

∑
ω∈Ω

γω

[∑
i∈I

(
λU
i r

U,(S1)
i,ω − λD

i r
D,(S1)
i,ω

)
+
∑
d∈D

V shed
d l

shed,(S1)
d,ω

]
(2.1c)

The LL constraint (2.1d) represents the power balance in DA, whose
dual variable, i.e., λDA,(S1), provides the DA market-clearing price.

∑
d∈D

P
D

d −
∑
i∈I

p
G,(S1)
i − pW,(S1) = 0 : λDA,(S1) (2.1d)

Constraints (2.1e) and (2.1f) below, bind the DA schedule of con-
ventional power units and wind producer, respectively, based on their
quantity offers.

0 ≤ p
G,(S1)
i ≤ P

G

i : φ(S1)

i
, φ

(S1)

i ∀i (2.1e)

0 ≤ pW,(S1) ≤ pW,of,(S1) : σ(S1), σ(S1) (2.1f)

Load shedding is the result of inadequacy in terms of supply meeting
demand, representing the unserved load in RT due to unavailable gen-
eration. Additionally, wind power spillage might be needed in order to
balance generation and demand in RT, e.g., when additional wind power
production in the RT market (compared to DA scheduled) exceeds avail-
able downward reserves. Thus, constraint (2.1g) refers to power balance
in RT that adjusts the energy imbalance by power adjustments in RT as
well as wind power spillage and load shedding. Note that its correspond-
ing dual variable provides the probability-weighted RT market-clearing
price, i.e., λ

RT,(S1)
ω .

∑
i∈I

(
r

D,(S1)
i,ω − rU,(S1)

i,ω

)
−
∑
d∈D

l
shed,(S1)
d,ω

−
(
PW
ω − pW,(S1) − pspill,(S1)

ω

)
= 0 : λRT,(S1)

ω ∀ω (2.1g)

Constraint (2.1h) implies that wind power spillage should be equal to
or lower than the wind power realization.
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0 ≤ pspill,(S1)
ω ≤ PW

ω : τ (S1)
ω , τ (S1)

ω ∀ω (2.1h)

The load shedding quantity is restricted by the maximum consump-
tion, imposed by constraint (2.1i) below:

0 ≤ l
shed,(S1)
d,ω ≤ P

D

d : ψ(S1)

d,ω
, ψ

(S1)

d,ω ∀d,∀ω (2.1i)

Finally, operational reserves in RT are bounded by reserve quantity
offers and DA dispatch through (2.1j)-(2.1m).

0 ≤ r
D,(S1)
i,ω ≤ RD

i : µD,(S1)

i,ω
, µ

D,(S1)
i,ω ∀i,∀ω (2.1j)

0 ≤ r
U,(S1)
i,ω ≤ RU

i : µU,(S1)

i,ω
, µ

U,(S1)
i,ω ∀i,∀ω (2.1k)

r
U,(S1)
i,ω ≤

(
P

G

i − p
G,(S1)
i

)
: µ

(S1)
i,ω ∀i, ∀ω (2.1l)

r
D,(S1)
i,ω ≤ p

G,(S1)
i : µ(S1)

i,ω
∀i,∀ω

}
. (2.1m)

Some of the aforementioned constraints may refer exclusively to either
the DA or the RT stage of the two-stage programming model, but some
also link the DA and RT stages. More specifically, constraints (2.1d)-
(2.1f) are associated with the DA stage of the two-stage optimization
problem, while (2.1h)-(2.1k) are associated with the RT stage. The power
balance equation in RT, i.e., (2.1g), apart from the RT variables, also
involves DA variable pW,(S1). Also, constraints (2.1l) and (2.1m), which
refer to the upper bounds of the reserves in RT, depend on the DA
schedules p

G,(S1)
i . Thus, constraints (2.1g), (2.1l) and (2.1m) link the

DA and RT stages, highlighting the need for a two-stage programming
solution.

The set of primal variables of LL problem (2.1c)-(2.1m) is ΞLL,P =

{pG,(S1)
i , pW,(S1), r

U,(S1)
i,ω , r

D,(S1)
i,ω , l

shed,(S1)
d,ω , p

spill,(S1)
ω }.

Furthermore, the set of dual variables of the LL problem is ΞLL,D =

{φi(S1), φi
(S1)

, σ(S1), σ(S1), λDA,(S1), τ
(S1)
ω , τ (S1)

ω , λ
RT,(S1)
ω , ψ(S1)

d,ω
, ψ

(S1)

d,ω ,

µD,(S1)
i,ω

, µ
D,(S1)
i,ω , µU,(S1)

i,ω
, µ

U,(S1)
i,ω , µ(S1)

i,ω
, µ

(S1)
i,ω }.
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Finally, the primal variables of the UL problem (2.1a)-(2.1b) are
pW,of,(S1) as well as all members of variable sets ΞLL,P and ΞLL,D.

Note that LL problem (2.1c)-(2.1m) is continuous, linear, and there-
fore convex. This allows bilevel model (2.1) to be recast as a single-level
mathematical program with equilibrium constraints (MPEC) through
replacing LL problem (2.1c)-(2.1m) by its Karush-Kuhn-Tucker (KKT)
optimality conditions [66, 67] as given by (2.3). The mathematical back-
ground on bilevel models and their recasting into MPECs using the KKT
conditions is provided in more detail in Appendix A. The KKT condi-
tions are derived from the Lagrangian function associated with the LL,
which for (2.1c)-(2.1m) is given by (2.2) below:

L =
∑
i∈I

λG
i p

G,(S1)
i +

∑
ω∈Ω

γω

[∑
i∈I

(
λU
i r

U,(S1)
i,ω − λD

i r
D,(S1)
i,ω

)
+
∑
d∈D

V shed
d l

shed,(S1)
d,ω

]
+ λDA,(S1)

[∑
d∈D

P
D

d −
∑
i∈I

p
G,(S1)
i − pW,(S1)

]
+
∑
ω∈Ω

λRT,(S1)
ω

[∑
i∈I

(
r

D,(S1)
i,ω − rU,(S1)

i,ω

)
−
∑
d∈D

l
shed,(S1)
d,ω

−
(
PW
ω − pW,(S1) − pspill,(S1)

ω

) ]
−
∑
i∈I

φ(S1)

i
p

G,(S1)
i

−
∑
i∈I

φ
(S1)

i (P
G

i − p
G,(S1)
i )− σ(S1)pW,(S1) − σ(S1)(pW,of,(S1) − pW,(S1))

−
∑
ω∈Ω

τ (S1)
ω pspill,(S1)

ω −
∑
ω∈Ω

τ (S1)
ω (PW

ω − pspill,(S1)
ω )−

∑
ω∈Ω

∑
d∈D

ψ(S1)

d,ω
l
shed,(S1)
d,ω

−
∑
ω∈Ω

∑
i∈I

µ
D,(S1)
i,ω (RD

i − r
D,(S1)
i,ω )−

∑
ω∈Ω

∑
i∈I

µU,(S1)

i,ω
r

U,(S1)
i,ω

−
∑
ω∈Ω

∑
i∈I

µ
U,(S1)
i,ω (RU

i − r
U,(S1)
i,ω )−

∑
ω∈Ω

∑
i∈I

µ(S1)

i,ω
(p

G,(S1)
i − rD,(S1)

i,ω )

−
∑
ω∈Ω

∑
i∈I

µ
(S1)
i,ω

(
P

G

i − p
G,(S1)
i − rU,(S1)

i,ω

)
.

(2.2)

The KKT conditions are calculated by differentiating the Lagrangian
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each time with the corresponding primal variable of the LL problem.
Thus, we can replace the LL problem (2.1c)-(2.1m) by its KKT conditions
as shown below:

Maximize
pW,of,(S1), ΞLL,P ∪ ΞLL,D

(2.1a) (2.3a)

subject to

(2.1b), (2.1d) and (2.1g) (2.3b)

∂L
∂p

G,(S1)
i

= λG
i − λDA,(S1) − φi(S1) + φi

(S1)
+
∑
ω

(µ
(S1)
i,ω − µ(S1)

i,ω
)

= 0 ∀i (2.3c)

∂L
∂pW,(S1)

= −λDA,(S1) − σ(S1) + σ(S1) +
∑
ω

λRT,(S1)
ω

= 0 (2.3d)

∂L
∂r

U,(S1)
i,ω

= γωλ
U
i − λRT,(S1)

ω − µU,(S1)

i,ω
+ µ

U,(S1)
i,ω + µ

(S1)
i,ω

= 0 ∀i,∀ω (2.3e)

∂L
∂r

D,(S1)
i,ω

= −γωλD
i + λRT,(S1)

ω − µD,(S1)

i,ω
+ µ

D,(S1)
i,ω + µ(S1)

i,ω

= 0 ∀i,∀ω (2.3f)

∂L
∂l

shed,(S1)
d,ω

= γωV
shed
d − λRT,(S1)

ω + ψ
(S1)

d,ω − ψ(S1)

d,ω

= 0 ∀d,∀ω (2.3g)

∂L
∂p

spill,(S1)
ω

= λRT,(S1)
ω + τ (S1)

ω − τ (S1)
ω = 0 ∀ω (2.3h)

Lastly, complementarity slackness conditions, which refer to the rela-
tionship between the positivity in a primal constraint and the positivity
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of its associated dual variable, are given below by (2.3i)-(2.3v):

0 ≤ p
G,(S1)
i ⊥ φi

(S1) ≥ 0 ∀i (2.3i)

0 ≤ (P
G

i − p
G,(S1)
i ) ⊥ φi

(S1) ≥ 0 ∀i (2.3j)

0 ≤ pW,(S1) ⊥ σ(S1) ≥ 0 (2.3k)

0 ≤ (pW,of,(S1) − pW,(S1)) ⊥ σ(S1) ≥ 0 (2.3l)

0 ≤ pspill,(S1)
ω ⊥ τ (S1)

ω ≥ 0 ∀ω (2.3m)

0 ≤ (PW
ω − pspill,(S1)

ω ) ⊥ τ (S1)
ω ≥ 0 ∀ω (2.3n)

0 ≤ l
shed,(S1)
d,ω ⊥ ψ(S1)

d,ω
≥ 0 ∀d,∀ω (2.3o)

0 ≤ (P
D

d − l
shed,(S1)
d,ω ) ⊥ ψ

(S1)

d,ω ≥ 0 ∀d,∀ω (2.3p)

0 ≤ r
D,(S1)
i,ω ⊥ µD,(S1)

i,ω
≥ 0 ∀i, ∀ω (2.3q)

0 ≤ (RD
i − r

D,(S1)
i,ω ) ⊥ µ

D,(S1)
i,ω ≥ 0 ∀i, ∀ω (2.3r)

0 ≤ r
U,(S1)
i,ω ⊥ µU,(S1)

i,ω
≥ 0 ∀i,∀ω (2.3s)

0 ≤ (RU
i − r

U,(S1)
i,ω ) ⊥ µ

U,(S1)
i,ω ≥ 0 ∀i,∀ω (2.3t)

0 ≤ (P
G

i − r
U,(S1)
i,ω − pG,(S1)

i ) ⊥ µ
(S1)
i,ω ≥ 0 ∀i, ∀ω (2.3u)

0 ≤ (p
G,(S1)
i − rD,(S1)

i,ω ) ⊥ µ(S1)

i,ω
≥ 0 ∀i,∀ω, (2.3v)

where operator ⊥ (perpendicular) enforces the perpendicular condition
between the vectors on the left-hand and right-hand sides, i.e., their
element-by-element product is zero.

MPEC (2.3) is non-linear due to the following two sources of non-
linearities:

• the bilinear terms λDA,(S1)pW,(S1), λ
RT,(S1)
ω pW,(S1) and

λ
RT,(S1)
ω p

spill,(S1)
ω included in the objective function (2.1a), and

• complementarity conditions (2.3i)-(2.3v).

The bilinear terms inside the objective function are linearized based
on an approach without approximation, which was firstly introduced in
[77]. Accordingly, we deploy the strong duality theorem (SDT) [78]
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and mathematical expressions (2.3c) - (2.3v). The SDT states that if
a problem is convex then the objective functions of the primal and dual
problems have the same value at the optimum, and for the investigated
problem this writes as in (2.4) below:

∑
ω∈Ω

γω

[∑
i∈I

(λU
i r

U,(S1)
i,ω − λD

i r
D,(S1)
i,ω ) +

∑
d∈D

V shed
d l

shed,(S1)
d,ω

]
+
∑
i∈I

λG
i p

G,(S1)
i = −

∑
i∈I

φi
(S1)

P
G

i +
∑
d∈D

P
D

d λ
DA,(S1) − σ pW,of,(S1)

−
∑
ω∈Ω

τω P
W
ω −

∑
ω∈Ω

λRT,(S1)
ω PW

ω −
∑
ω∈Ω

∑
i∈I

µD
i,ω R

D
i −

∑
ω∈Ω

∑
d∈D

ψd,ω P
D

d

−
∑
ω∈Ω

∑
i∈I

µU
i,ω R

U
i −

∑
ω∈Ω

∑
i∈I

µi,ω P
G

i .

(2.4)

Multiplying (2.3d) by pW,(S1) we get:

− λDA,(S1) pW,(S1) − σ(S1) pW,(S1) + σ(S1) pW,(S1)

+
∑
ω

λRT,(S1)
ω pW,(S1) = 0. (2.5)

Due to (2.3k)-(2.3l), equation (2.5) becomes:

−λDA,(S1) pW,(S1) + σ(S1) pW,of,(S1) +
∑
ω

λRT,(S1)
ω pW,(S1) = 0. (2.6)

Similarly, considering complementarities (2.3m)-(2.3n) and multiply-

ing (2.3h) by p
spill,(S1)
ω , we finally obtain:

λRT,(S1)
ω pspill,(S1)

ω + τ (S1)
ω PW

ω = 0. (2.7)

Considering (2.4) and the above transformations, the objective func-
tion finally writes as (2.8a). The complementarity conditions (2.3i)-
(2.3v), are linearized using the Big-M approach, but at the cost of intro-
ducing a set of auxiliary binary variables [79, 80]. For more information
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on the linearization process, we refer to Appendix A. Following these
two linearization techniques, MPEC (2.3) is transformed into the mixed-
integer linear programming (MILP) problem (2.8) [66], below:

Maximize
pW,of,(S1), ΞLL,P ∪ ΞLL,D{
−
∑
ω∈Ω

γω

[∑
i∈I

(λU
i r

U,(S1)
i,ω − λD

i r
D,(S1)
i,ω ) +

∑
d∈D

V shed
d l

shed,(S1)
d,ω

]
−
∑
i∈I

λG
i p

G,(S1)
i +

∑
d∈D

P
D

d λ
DA,(S1) −

∑
i∈I

φi
(S1)

P
G

i

−
∑
ω∈Ω

[∑
d∈D

ψd,ωP
D

d +
∑
i∈I

µD
i,ωR

D
i +

∑
i∈I

µU
i,ωR

U
i +

∑
i∈I

µi,ωP
G

i

]}
(2.8a)

subject to

(2.1b), (2.1d), (2.1g) and (2.3c)− (2.3h) (2.8b)

0 ≤ φ
i
≤M

(1)
i u

(1)
i ∀i (2.8c)

0 ≤ p
G,(S1)
i ≤M

(1)
i (1− u(1)

i ) ∀i (2.8d)

0 ≤ φi ≤M
(1)

i u
(1)
i ∀i (2.8e)

0 ≤ (P
G

i − p
G,(S1)
i ) ≤M

(1)

i (1− u(1)
i ) ∀i (2.8f)

0 ≤ σ(S1) ≤M (2) u(2) (2.8g)

0 ≤ pW,(S1) ≤M (2) (1− u(2)) (2.8h)

0 ≤ σ(S1) ≤M
(2)
u(2) (2.8i)

0 ≤ (P
W,of,(S1) − pW,(S1)) ≤M

(2)
(1− u(2)). (2.8j)

The remaining equations of the complementarity constraints follow
the same pattern with (2.8c)-(2.8j), where parameters M (.) are large
enough constants and u are binary variables. The resulting MILP prob-
lem can be solved with available optimization solvers, e.g., CPLEX [81],
Gurobi [82], etc.. In our case CPLEX optimization solver was used, as-
sociated with GAMS software [83].
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2.2.4 Step 2: Stochastic Day-Ahead Market-Clearing

In this step, the market operator clears stochastically the DA market
considering all foreseen wind power scenarios. The aim of the market op-
erator is to minimize the expected overall system cost in DA and RT. To
this purpose, it solves stochastic two-stage programming problem (2.9).
Note that the scenarios considered in (2.9) are those generated based on
market operator’s forecast (indexed by s), which refers to the non-sharing
analysis. In the sharing analysis, this index is replaced by h referring to
the shared scenarios. Note also that the quantity offer of wind producer
denoted by PW,of,(S1) is a parameter in Step 2, whose value is obtained
from Step 1. The two-stage programming problem (2.9) below, is similar
to the LL of bilevel model (2.1) and clears the market based on producers
offers.

Objective function (2.9a) below, minimizes the expected overall sys-
tem cost in DA and RT markets in Step 2, based on producers offers:

Minimize
p
G,(S2)
i ,pW,(S2),r

U,(S2)
i,s ,r

D,(S2)
i,s ,l

shed,(S2)
d,s ,p

spill,(S2)
s∑

i∈I

λG
i p

G,(S2)
i +

∑
s∈S

πs

[∑
i∈I

(
λU
i r

U,(S2)
i,s − λD

i r
D,(S2)
i,s

)
+
∑
d∈D

V shed
d l

shed,(S2)
d,s

]
(2.9a)

Objective function (2.9a) is subject to constraints (2.9b) - (2.9k),
below, which are similar to constraints (2.1d)-(2.1m) of the LL of bilevel
model (2.1) at Step 1, but are solved based on received producers offers
and market operator’s wind scenarios:

∑
d∈D

P
D

d −
∑
i∈I

p
G,(S2)
i − pW,(S2) = 0 (2.9b)

0 ≤ p
G,(S2)
i ≤ P

G

i ∀i (2.9c)

0 ≤ pW,(S2) ≤ PW,of,(S1) (2.9d)∑
i∈I

(
r

D,(S2)
i,s − rU,(S2)

i,s

)
−
∑
d∈D

l
shed,(S2)
d,s
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− (PMO
s − pW,(S2) − pspill,(S2)

s ) = 0 ∀s (2.9e)

0 ≤ pspill,(S2)
s ≤ PMO

s ∀s (2.9f)

0 ≤ l
shed,(S2)
d,s ≤ P

D

d ∀d,∀s (2.9g)

0 ≤ r
D,(S2)
i,s ≤ RD

i ∀i,∀s (2.9h)

0 ≤ r
U,(S2)
i,s ≤ RU

i ∀i, ∀s (2.9i)

r
U,(S2)
i,s ≤

(
P

G

i − p
G,(S2)
i

)
∀i, ∀s (2.9j)

r
D,(S2)
i,s ≤ p

G,(S2)
i ∀i, ∀s. (2.9k)

2.2.5 Step 3: Real-Time Market-Clearing (Out-of-Sample Assess-
ment)

In this step, we fix the DA schedule of conventional power units and wind
producer to those obtained in Step 2. Then, RT market is cleared versus
different wind power realizations, which are not necessarily the same as
the scenarios considered in Steps 1 and 2. The RT market for a par-
ticular wind power realization is given by the deterministic optimization
problem (2.10). Note that symbols with superscript (S2) correspond to
parameters (DA schedules), whose values are obtained from Step 2.

Minimize
r
U,(S3)
i ,r

D,(S3)
i ,l

shed,(S3)
d ,pspill,(S3)∑

i∈I

(
λU
i r

U,(S3)
i − λD

i r
D,(S3)
i

)
+
∑
d∈D

V shed
d l

shed,(S3)
d (2.10a)

Objective function (2.10a) minimizes the imbalance cost incurred, by
operational reserve deployment and/or involuntarily load shedding and
is subject to the following set of constraints:

∑
i∈I

(
r

D,(S3)
i − rU,(S3)

i

)
−
∑
d∈D

l
shed,(S3)
d

−
(
P act − PW,(S2) − pspill,(S3)

)
= 0 (2.10b)

0 ≤ pspill,(S3) ≤ P act (2.10c)

0 ≤ l
shed,(S3)
d ≤ P

D

d ∀d (2.10d)
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0 ≤ r
D,(S3)
i ≤ RD

i ∀i (2.10e)

0 ≤ r
U,(S3)
i ≤ RU

i ∀i (2.10f)

r
U,(S3)
i ≤

(
P

G

i − P
G,(S2)
i

)
∀i (2.10g)

r
D,(S3)
i ≤ P

G,(S2)
i ∀i. (2.10h)

Constraints (2.10b)-(2.10h) are similar to LL constraints (2.1g)-(2.1m) in
Step 1 and constraints (2.9b)-(2.9k) in Step 2, but at real-time operation
based on the fixed DA schedules of Step 2.

2.3 Case Study

2.3.1 Data

A case study based on a modified version of the IEEE reliability test
system (RTS) is considered, which is differentiated from [84] in order to
better accommodate wind farms [85]. Seven conventional units are con-
sidered, which are grouped for the sake of simplicity. Each conventional
unit offers at a quantity identical to its installed capacity and at a price
given in Table 2.1. In addition to the conventional units, a single wind
power farm is considered. The system load is 2,200 MW, and the value
of lost load is assumed to be e200/MWh.

Table 2.1: Technical Characteristics of Conventional Units

Unit P
G

i
λG
i RU

i λU
i RD

i λD
i

(i) [MW] [e/MW] [MW] [e/MWh] [MW] [e/MWh]

G1 304 13.32 80 15 80 11
G2 350 19.7 70 24 70 16
G3 591 20.93 180 25 180 17
G4 60 26.11 60 28 60 23
G5 610 10.52 120 15 120 7
G6 800 5.47 0 - 0 -
G7 650 12.89 40 16 40 8

The distribution of the wind power forecast errors has been investi-
gated in the recent literature. It was reported that due to the variable
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skewness and kurtosis values, forecast errors cannot be described by a
Gaussian curve but rather by a Weibull [86] or a Beta [51] distribution. In
this study, Beta distribution is used to represent the uncertainty around
the wind power forecast, since it is found to appropriately model wind
power output [55, 87, 88]. The mean value of the distribution function is
the predicted power, which along with the variance of the prediction error
for that predicted power, define a probability distribution Beta function
[55]. Definitely, utilizing a state-of-the-art prediction model would be
desirable, however, Beta distribution is chosen over a prediction model
in order to make findings more tractable and ease the selection of the
different scenarios with respect to the level of wind power penetration,
similarly to [71]. Beta probability density functions for various sets of
shape parameters (a, b) [55] are presented in Fig. 2.3, for illustration
reasons. In this case study, a Beta distribution with shape parameters
(aR, bR) is considered and 5,000 samples are generated representing po-
tential wind power realizations. These samples are in per-unit, i.e., wind
production divided by installed wind capacity. The number of samples
is arbitrarily chosen to make an appropriate trade-off between accuracy
and computational burden. These samples are used in Step 3 for an ex-
tensive out-of-sample assessment. The wind producer’s and the market
operator’s forecasts, to be used in Steps 1 and 2, are also modeled using
a Beta distribution but with different shape parameters, i.e., (aW, bW)
and (aMO, bMO), respectively. The wind producer and the market opera-
tor generate 2,000 scenarios each, and then they reduce them into three
scenarios using a scenario reduction approach, e.g., the K-means method
[89]. This provides wind producer’s scenarios, denoted by ω1, ω2 and ω3,
with their corresponding probabilities. Similarly, the market operator’s
scenarios are generated, denoted by s1, s2 and s3, with different probabili-
ties. In the non-sharing analysis, wind producer solves Step 1 considering
its own scenarios, and then market operator solves Step 2 based on its
own different set of scenarios. However, they both use the same set of
scenarios in the sharing analysis including all six scenarios, i.e., h ={ω1,
ω2, ω3, s1, s2, s3}, in Steps 1 and 2. Note that the probability of each
scenario in the sharing analysis is half of that in the non-sharing one.

In this case study, three different sets for Beta distribution shape
parameters are examined as given in Table 2.2, which yield different dis-
tribution shapes in order to evaluate different conditions with respect
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Figure 2.3: Beta probability density function for various sets of (a, b)
parameters

to the level of wind power penetration. These three sets correspond to
cases with high-mean, mid-mean and low-mean distributions, i.e., a > b,
a ' b, a < b. We refer to those cases as Sets 1, 2 and 3, respectively.
It is assumed that forecasts of wind producer and market operator have
different distributions but they still predict the same shape of distribu-
tion, i.e., high-mean, mid-mean or low-mean. For clarity, the distribution
shapes of actual wind power realization are illustrated in Fig. 2.4 consid-
ering values of aR and bR across different sets. Based on the considered
shape parameters representing actual realizations (5,000 samples), the
average wind power production is 38%, 25% and 15% of the total system
load for Set 1, Set 2 and Set 3, respectively.

2.3.2 Results: Non-sharing Analysis

In this subsection, we assume that the wind producer and the market op-
erator do not share their forecast distributions. The wind producer solves
bilevel model (2.1) in Step 1 considering its own three scenarios, and de-
rives its most beneficial quantity offer as depicted in Fig. 2.5 by blue bars.
Given producer’s quantity offer, market operator solves problem (2.9) in
Step 2 to clear DA market considering its own three scenarios, which are
different from the wind producer’s ones. This step provides the DA wind
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Table 2.2: Shape Parameters of Beta Distributions

Shape Set 1 Set 2 Set 3

Parameters a > b a ' b a < b

(aR, bR) (3.78,1.62) (5.37,5.37) (1.89,4.48)

(aMO, bMO) (4.18,1.42) (5.17,5.77) (1.69,4.88)

(aW, bW) (3.38,1.82) (5.57,4.97) (2.09,4.08)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

1.5

2

2.5

3

Fraction of nominal capacity

P
ro

b
a

b
il

it
y

 d
e

n
s

it
y

 

 

Set 1

Set 2

Set 3

Figure 2.4: Actual wind power distribution considering Set 1 (aR > bR),
Set 2 (aR = bR) and Set 3 (aR < bR)

power dispatch as depicted in Fig. 2.5 by green bars. Additionally, the
expected wind power production, considering 5,000 samples as potential
realizations in Step 3, is illustrated by red bars.

According to the results obtained for Set 1, the market operator fore-
casts a comparatively higher production than the wind producer. How-
ever, the DA wind power schedule cannot exceed the producer’s quantity
offer. Therefore, the DA wind schedule is equal to the wind producer’s
quantity offer. The expected wind realization in this case is higher than
the scheduled wind power in DA market.

Regarding Set 2, the wind producer forecasts a comparatively higher
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Figure 2.5: Non-sharing analysis: wind producer’s quantity offer to DA
market (Step 1), scheduled wind power in DA market (Step 2), and
expected wind power realization in RT (Step 3)

wind production with respect to the market operator. Therefore, the
market operator schedules the wind producer at a quantity lower than
the wind producer’s quantity offer. The expected actual wind power is
higher than both wind producer’s power offer and the scheduled wind
power.

Finally, in Set 3, the wind producer and the market operator forecast
lower wind power generation, but wind producer offers a greater quantity
than the final scheduled wind power. The expected wind realization in
this case is in between.

2.3.3 Results: Sharing Analysis

In this subsection, we consider that the wind producer and the market
operator share their wind power forecast distributions. Therefore, an
identical scenario set including six scenarios is considered within both
Steps 1 and 2. Fig. 2.6 depicts the wind quantity offer (Step 1), the
scheduled wind power in DA (Step 2) and the expected wind power real-
ization (Step 3) obtained from the sharing analysis. In this analysis, the
producer’s quantity offer and the scheduled DA wind power are equal in



2.3. CASE STUDY 55

each set since the wind producer and the market operator have the same
beliefs on wind power production.
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Figure 2.6: Sharing analysis: wind producer’s quantity offer to DA mar-
ket (Step 1), scheduled wind power in DA market (Step 2), and expected
wind power realization in RT (Step 3)

2.3.4 Extensive Out-of-Sample Assessment

In this subsection, the RT market is cleared in Step 3 for 5,000 samples
representing different wind power realizations, while DA decisions are
fixed to those obtained from Step 2. Then, the actual system cost is
computed, that consists of the system cost in DA obtained from Step
2 plus the expected system cost in RT obtained from Step 3. As it
is given in Table 2.3, the actual system cost in the sharing analysis is
comparatively lower than (in case of Sets 1 and 2) or equal to (in case of
Set 3) that in the non-sharing analysis. This numerically concludes for
this case study that sharing forecasts can potentially reduce the system
cost in systems with high penetration of wind.

Moreover, the DA and the expected RT market-clearing prices in both
sharing and non-sharing analyses are reported in Tables 2.4 and 2.5. Note
that the DA market-clearing price is derived from Step 2, whereas the
expected RT market-clearing price is derived from Step 3 considering
5,000 wind generation samples. The results of Table 2.4 imply that the
DA market-clearing price for Set 1 increases at the sharing analysis which
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Table 2.3: Actual System Cost [e]

Analysis Set 1 Set 2 Set 3

Non-Sharing 11500 14631 17634

Sharing 11406 14553 17634

consequently results in increased profits for most producers. The set of
shared scenarios leads to increased DA market-clearing price because
market operator anticipates in the RT market stage the need for reserves
from producers G2 and G3. This increases the DA price, since those
reserves are more expensive and prices in the DA and RT stages are
correlated in the two-stage market setup. However, anticipating the need
of these reserves leads to better schedules in DA, decreasing the cost in
RT. The increased DA price has a positive impact on all producers profits,
apart from producers G2 and G3 (see Table 2.7), which benefit in the
non-sharing analysis by the less informed DA schedules. Lastly, it is
observed that despite the same DA market-clearing price for Set 2, the
RT price is different between the two analyses. In contrast to Set 3, wind
power schedules in DA are different, which eventually leads to different
power adjustments in RT.

Table 2.4: Day-Ahead Prices [e/MWh]

Analysis Set 1 Set 2 Set 3

Non-Sharing 10.52 12.89 12.89

Sharing 11.66 12.89 12.89

In addition to the impact of sharing forecasts on actual system cost
and market-clearing prices as social measures, its impact on different
players profit needs to be investigated. The expected profit of each player
includes its profit in DA market (Step 2) plus its expected profit/cost in
RT market (Step 3). Table 2.6 gives the wind producers expected profit
for the three different sets, while Table 2.7 presents the expected profit
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Table 2.5: Expected Real-Time Prices [e/MWh]

Analysis Set 1 Set 2 Set 3

Non-Sharing 11.62 10.24 11.11

Sharing 11.23 11.56 11.11

Table 2.6: Expected Profit of The Wind Producer [e]

Analysis Set 1 Set 2 Set 3

Non-Sharing 6527 5880 2750

Sharing 7474 5918 2750

of each conventional unit. According to the results reported in Table 2.6,
the wind producer benefits from sharing forecasts as its profit increases in
the first two sets while in Set 3 it remains unchanged. These results nu-
merically reveal that sharing forecasts is beneficial for the wind producer
obtaining better knowledge on its future stochastic production. Besides,
this information sharing might bring more market power to wind pro-
ducer to alter the market-clearing outcomes to its own benefit. Further
discussion on wind producer’s increased profit is provided in the next
subsection. Unlike the wind producer, the conventional units may lose
profit or may gain higher profit if the market operator and the wind pro-
ducer share their forecasts. For example, the expected profit of units G2
and G3 considering Set 1 in the sharing case is comparatively lower with
respect to that in the non-sharing case. The reason for this, as explained
before, is that these units profit from trading reserves in the RT market,
which was not anticipated in the RT stage of the two-stage DA market.
In contrast, the expected profit of conventional power units G5 and G6
considering Set 1 considerably increases by information sharing. This is
the result of the comparatively higher DA market-clearing price in the
sharing analysis. Finally, note that the expected profit of producer G4
in the non-sharing analysis is negative. The reason is that the two-stage
stochastic market guarantees cost-recovery only in expectation, based
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on the available wind power scenarios. However, in the analysis of this
section, expected profits consist of the DA profits plus the expected prof-
its from the RT market derived from the out-of-sample analysis, which
are different than the ones anticipated by the two-stage market. On
the contrary, wind power scenarios of the sharing analysis lead to better
schedules avoiding negative profits in expectation for producer G4.

Table 2.7: Expected Profit of The Conventional Units [e]

Unit Analysis Set 1 Set 2 Set 3

G1 Non-Sharing 243.68 274.52 317.61

Sharing 331.85 290.72 317.61

G2 Non-Sharing 95.32 2.43 2.85

Sharing 84.64 5.13 2.85

G3 Non-Sharing 234.5 0 0

Sharing 204.95 0 0

G4 Non-Sharing -44.17 0 0

Sharing 66.05 0 0

G5 Non-Sharing 473.54 1543 1601

Sharing 1022.8 1552 1601

G6 Non-Sharing 4040 5936 5936

Sharing 4956 5936 5936

G7 Non-Sharing 73.65 90.67 115.37

Sharing 116.46 101.88 115.37

2.3.5 Sensitivity Analysis

As reported in the previous subsection, wind producer’s expected profit
increases by sharing forecasts. A part of this profit increment happens
due to the generation of a more qualified set of scenarios. Besides, it
may happen as the wind producer is able to behave more strategically
with more information access. This subsection numerically measures
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wind producer’s market power in sharing and non-sharing cases through
a sensitivity analysis. To this end, we use the value obtained for dual
variable corresponding to the upper bound of constraint (2.9d) in Step 2,
i.e., constraint pW,(S2) ≤ PW,of,(S1). This value implies the sensitivity of
system cost with respect to the wind producer’s strategic quantity offer.
As given in Table 2.8, its absolute value for Sets 2 and 3 is zero in the
non-sharing analysis, while it becomes non-zero in the sharing analysis.
This reveals that sharing forecasts with market operator for these sets
increases the ability of wind producer to exert market power. More
specifically, regarding Set 3 wind producer’s increased strategic behavior
in the sharing analysis contributes to retain the same DA schedules as in
the non-sharing one and, thus, its profit remains at the same level, instead
of decreasing (see Table 2.6). On the other hand, in Set 1 the absolute
value of sensitivity factor is non-zero in both analyses and decreases in
the sharing one. Based on the wind power scenarios of the non-sharing
analysis, DA market price is lower and, thus, wind producer acts more
intensively as an arbitrager between DA and RT markets, in order to
take advantage of the different prices between the two markets. This is
the reason of the increased value of the sensitivity factor. Considering
the shared scenarios, DA market-clearing price increases and it is more
beneficial for wind producer to be scheduled in the DA market rather
than in the RT.

Table 2.8: Value of Sensitivity Factor: Dual Variable Corresponding to
the Upper Bound of Constraint (2.9d) in Step 2. This value implies the
sensitivity of system cost with respect to the wind producer’s strategic
quantity offer.

Analysis Set 1 Set 2 Set 3

Non-Sharing -3.11 0 0

Sharing -1.23 -1.55 -1.48

Finally, note that the negative value for this dual variable means that
system cost in DA market (Step 2) increases with the strategic behavior
of wind producer. However, recall that the actual system cost, i.e., the
system cost in DA (obtained from Step 2) plus the expected system cost
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in RT (obtained from Step 3), can potentially decrease with information
sharing as it has been already reported in Table 2.3. The reduction of
total actual cost in sharing cases is the result of anticipating better the
balancing resources that are needed in real time.

2.3.6 Computational Performance

This subsection offers an insight to the computational needs of this case
study. For the simulations of this chapter we have used CPLEX under
GAMS associated with Matlab R2015b. The softwares were installed on
a Windows 8.1, 64-bit operating system with 2-core processor running
at 2.4 GHz and 12 GB of RAM. The total computational time was ap-
proximately 70 min., the greatest part of which is due to the extensive
out-of-sample simulation (60 min.). Note that by increasing the number
of wind power scenarios considered in the two models of Steps 1 and 2,
would increase computational times, since scenarios of the sharing anal-
ysis are double than the ones of the non-sharing. Additionally, increased
number of scenarios make the selection of the Big-M parameters challeng-
ing. Lastly, despite the high computational time that the out-of-sample
analysis demands, we should highlight the fact that the corresponding
model, i.e., model of Step 3, is only solved for the needs of this evaluation
framework and is not an operational process. In fact, the clearing of the
RT market is a simple deterministic optimization problem, which can be
solved in RT within some seconds.

2.4 Summary and Conclusions

In this chapter, the value of sharing wind power forecasts between a single
wind power producer and the market operator is analyzed. This poten-
tial value is numerically evaluated in terms of the system cost. To this
purpose, a three-step evaluation framework is proposed. In the first step,
a stochastic bilevel optimization model is formulated, which allows the
wind producer to derive its most beneficial quantity offer. In the second
step, the market operator clears stochastically the DA market consider-
ing all foreseen wind power realizations in real time. In the last step,
the RT market is cleared deterministically for a large number of wind
power realizations constrained by fixed DA schedules. This framework
is applied in two cases: (i) the wind producer and the market operator
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use different wind power scenarios (non-sharing analysis), and (ii) the
wind producer and the market operator share their wind power scenar-
ios (sharing analysis). In addition, the impact of sharing wind power
forecasts on strategic offering of wind producer is analyzed through a
relevant sensitivity analysis.

Under the above context, this chapter has numerically concluded for
a large case study that sharing wind forecasts among a wind power pro-
ducer and the market operator:

• can potentially decrease the expected market cost for high-wind
penetration, while it retains it at the same levels for low-wind pen-
etration,

• affects the expected profits of each conventional producer which,
subject to each considered case, may increase or decrease,

• may help wind producer to alter the market-clearing outcomes to its
own benefit, by increasing its market power due to the presence of
better wind forecast information. To this end, a sensitivity analysis
is performed to investigate wind producer’s market power in both
cases of sharing and non-sharing analyses and, lastly,

• it may lead to increased profit in expectation for the wind power
producer, mainly as a result of wind producer’s increased market
power and better DA scheduling.

2.5 Future Perspectives

The interaction of multiple wind producers is not considered in this study.
Thus, evaluating the concept of sharing wind power forecasts among mul-
tiple producers and the market operator is of interest for future research.
The consideration of multiple price-making wind power producers yields
a stochastic EPEC [68, 90]. Under such a framework, it is also relevant to
analyze how sharing wind power forecasts affects the market equilibria.

Naturally, market agents will more likely conceive any information-
asset they might have, including qualitative wind power forecasts, as a
potential strategic advantage rather than an information that they will
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willingly share. Thus, the concept of sharing information in electric-
ity markets, eventually coincides with the concept of an “information-
trading” market. Under this framework, the approach followed in this
study can be associated with ongoing research advances on trading in-
formation in other scientific domains, such as in [91, 92].

Finally, as noted in this chapter the impact of sharing wind power
forecasts in an electricity market was investigated under the assumption
that only one wind power producer is present in the market. In the
following chapters, electricity markets with additional wind power pro-
ducers are investigated. More precisely, Chapter 3 extends the presented
setup into a stochastic DA market with an additional price-taking wind
power producer, investigating the impact of the additional source of un-
certainty in the market. Moreover, Chapter 4 further extends the market
setup into a non-cooperative game of price-making power producers, with
mixed wind and conventional power offering portfolios.

2.6 Chapter Publications

This chapter has led to the following publication:

• L. Exizidis, S. J. Kazempour, P. Pinson, Z. D. Grève, and F. Vallée,
Sharing wind power forecasts in electricity markets: A numerical
analysis, Applied Energy, vol. 176, pp. 65-73, 2016.



Chapter 3

Strategic Wind Power Trading Considering
Rival Wind Power Production

3.1 Introduction

In this chapter we investigate a stochastic day-ahead (DA) market setup
where, in contrast to Chapter 2, additional price-taking wind power pro-
ducers are present. Under this context, the main focus of this chapter is
to evaluate the impact of the additional source of wind uncertainty on
the offering strategies and market outcomes, considering various levels of
wind penetration.

3.1.1 Motivation and Literature Review

In recent years, a lot of attention is drawn on wind power and its impact
on electricity markets. Political decisions as well as technological ad-
vances mitigating climate change, have led to an increased penetration
of wind power in energy systems, transforming wind power producers
into dominant market players. As mentioned in 2.1.2, the mix of en-
ergy generation is rapidly changing in many countries, such as Denmark,
Spain and Germany, where wind power generation is holding an increas-
ing share of the total power generation. Under this context, benefits
and premiums for wind power generation are not anymore the case in
many countries and wind power producers are forced to compete under
the same rules with conventional ones [93], being able in some cases to
exercise market power in order to increase profits. However, uncertainty
and variability in wind power production pose operational challenges in
electricity markets, for both power producers and market operators. The
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cost for backup reserves is considerably high in order to guarantee reli-
ability, while energy storage is still not mature enough [94]. Therefore,
intensive research in wind power forecasting, as for example presented
in [27], has led to mature forecasting tools, which are used widely in
the related decision-making processes. Furthermore, advanced stochas-
tic optimization as well as game theory are deployed by researchers in the
technical literature, in an effort to address the problem of wind power
trading under uncertainty in liberalized electricity markets.

Initial research efforts were focused on models where wind power pro-
ducers are not accountable for exercising market power, i.e., being price-
takers. Furthermore, due to political decisions for increasing wind power
penetration, wind producers were even considered to receive additional
support when participating in a forward electricity market [55, 95, 96, 97].
However, as a result of the low operational costs associated with wind
power generation, wind producers competitiveness increased considerably
resulting, in due time, to a change in the aforementioned policies forcing
now wind producers to participate in the electricity markets under full
competition and following the same rules as conventional producers [98].
Under this context, authors in [71] consider that wind power producers
are price-makers in the real-time (RT) market, by strategically offering
less wind power than the difference between the anticipated generation
and the DA scheduled wind power, while they are price-takers in the DA
market due to large volumes of traded energy. The impact of the forecast
distribution on the producers decision-making problem is additionally in-
vestigated. The problem of a price-maker wind power producer in the
DA market, being a deviator in the RT market, was later addressed in
[72]. More specifically, the problem was formulated as a stochastic opti-
mization tool for market participation, where uncertainty pertaining to
wind power production is represented through scenarios. Study [73] has
contributed to the aforementioned research problem by evaluating the
impact of a price-maker wind power producer on DA electricity prices as
well as on the resulted imbalances for a market without regulated tariffs.
Both aforementioned studies were focusing on the uncertainty introduced
by wind power producers. Research paper [74] offered an insight to the
same problems by additionally considering, in the form of scenarios, the
uncertainties in demand and bidding strategies of strategic conventional
generators focusing on the problem of strategic wind power trading. Re-
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cent study [99], proposed a multi-stage risk-constrained stochastic com-
plementarity model to derive the optimal offering strategy of a wind
power producer that participates in both the DA and the RT markets.
Uncertainties concerning wind power production, market prices, demands
bids and rivals offers were modeled in this study using a set of scenarios.

Aforementioned studies focus on a single strategic wind power pro-
ducer and its strategic offering problem since, as highlighted in [99], there
are countries where even a single wind power producer owns large enough
wind capacity that enables him to behave strategically. However, it can
naturally be argued that this setup, including only one strategic pro-
ducer with stochastic generation, is rather unrealistic. The consideration
of more than one strategic producers with uncertain generation would,
naturally, lead to a game-theoretic approach, which is a problem gener-
ally hard to cope with and is the topic of Chapter 4. Moreover, given
that each producer owns its private wind power forecast, the problem
would lead to a game under incomplete information, yielding a Bayesian
approach [100]. Motivated by the above challenges, in [101] authors
approach the problem of an electricity market with multiple stochastic
producers based on a minority game, studying the competition among
them using a set of learning tools to identify their actions. Under the
same context, the contribution of this chapter is to address the impact
of additional wind power producers on the wind power offering strat-
egy of a price-maker wind power producer. In this approach, avoiding
a more complex setup, i.e., equilibrium problem with equilibrium con-
straints (EPEC), rival wind power production is represented by a num-
ber of foreseen scenarios followed by the corresponding probabilities. In
parallel, various levels of wind power generation for both wind power
producers are considered, investigating their impact on the strategic pro-
ducer’s offering strategy and profits, as well as on anticipated market
outcomes. The problem is formulated as a bilevel stochastic optimiza-
tion model, following a complementarity approach [66], similarly to the
model of Chapter 2.

3.1.2 Chapter Organization

The rest of the chapter is organized as follows: Section 3.2 presents the
mathematical formulation of the decision-making problem for a wind
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power producer, considering the uncertainty introduced by rival wind
power generation. Section 3.3 presents the results for a large case study
with respect to producers offering strategies, strategic behavior as well
as market outcomes. Lastly, Section 3.4 concludes the chapter and sum-
marizes the main results.

3.2 Mathematical Formulation

3.2.1 Model Assumptions and Uncertainty Characterization

A pool-based electricity market is assumed, where producers submit
power and price offers for the DA and RT markets. The assumed DA mar-
ket-clearing mechanism is a two-stage stochastic optimization program,
as introduced in [28]. The aforementioned market mechanism, which is
similar to that used in Chapter 2, co-optimizes DA and RT markets and
enables better operational results in markets with considerable sources of
uncertainty, given a set of qualitative scenarios. Under the investigated
framework, two main sources of uncertainty are considered, namely:

• wind power generation of investigated strategic wind producer,

• wind power generation of competitive rival wind producer,

both of which are introduced as independent wind power scenarios. Note
that in contrast to [72], real-time prices are driven by the optimization
model and not predicted. Furthermore, the approach of this chapter
differs from [71, 72, 74, 102], as well as the model of Chapter 2, in the
sense that it additionally considers the uncertainty of rival wind power
producer.

A number of assumptions are made for the purpose of this study,
namely:

1. An imperfectly competitive electricity market is considered, in
which the wind producers and conventional units may offer strate-
gically [69, 70].

2. In line with [71, 72, 73, 74] and similarly to Chapter 2 we assume
that the wind producer perfectly knows the offering strategy of its
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rival power producers. Consideration of multiple strategic produc-
ers with different private forecasts, would lead to a non-cooperative
game with incomplete information, which exceeds the scope of this
thesis and is left for future research. However, an extension of
Chapters 2 and 3 considering multiple strategic power producers
with private wind power forecasts is investigated under the context
of Chapter 4.

3. Similarly to [70, 71, 73], and for the sake of simplicity, transmission
constraints are not enforced. A relevant formulation considering
transmission constraints can be found in Chapter 5.

4. In addition, the inter-temporal constraints, e.g., ramping limits of
conventional power units, are not enforced and thus a single-hour
auction is considered, which is consistent with the relevant litera-
ture [70, 71, 74, 75].

5. The operational cost of wind power producers is negligible since
they are not incurred by the fuel costs. In some realistic electricity
markets, this cost is even negative due to renewable incentives [25].
As it is customary in the technical literature, e.g., [20, 21, 22, 23,
24], we assume that the wind production cost is zero.

6. Finally, demand is assumed to be deterministic and inelastic to
price, as in [76], in order to avoid additional sources of uncertainty.

The aforementioned setup is illustrated in Fig. 3.1. As shown, in con-
trast to Chapter 2 and the corresponding illustration 2.1, in this study
we consider two wind power producers. However, only one wind pro-
ducer is considered to be strategic, distinguished in Fig. 3.1 by the circle.
Strategic wind producer anticipates the stochastic two-stage electricity
market, based on the available information which, in addition to conven-
tional producers offers and demand bids, also include a forecast for its
own wind power generation and a forecast for its rival price-taker wind
producer’s generation. Note that in contrast to Chapter 2, in this chapter
we focus only on strategic producer’s viewpoint, so the actual clearing
of DA and RT markets is omitted. Thus, the results that correspond to
the market-clearing outcomes are the anticipated results from strategic
wind producer’s point of view.
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Strategic Offering

DA

RT

DA

RT

Strategic Producer

Figure 3.1: Illustrative representation of the market setup of Chapter 3

3.2.2 Model Formulation

The symbols used in this chapter are defined below:

Notation

Sets:

Ω Set of strategic wind producer’s scenarios.

S Set of rival wind producer’s scenarios.

I Set of conventional power units.

D Set of demands.
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Indices:

ω Index for scenarios generated based on strategic wind pro-
ducer’s forecast (referred to as SW).

s Index for scenarios generated based on rival wind producer’s
forecast (referred to as RW).

i Index for conventional power units.

d Index for demands.

Parameters:

P
D

d Quantity bid of demand d [MW].

P
G

i Quantity offer of conventional power unit i [MW].

PF,SW
ω Wind power forecast of strategic wind producer under sce-

nario ω [MW].

PF,RW
s Wind power forecast of rival wind producer under scenario

s [MW].

λG
i Offer price of conventional power unit i [e/MWh].

λU
i Operational cost of conventional power unit i for providing

upward reserve [e/MWh].

λD
i Operational cost of conventional power unit i for providing

downward reserve [e/MWh].

γω Probability of scenario ω.

πs Probability of scenario s.

RU
i Upward reserve capacity of conventional power unit i [MW].

RD
i Downward reserve capacity of conventional power unit i

[MW].

V shed
d Value of lost load for demand d [e/MWh].
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Day-Ahead Variables:

λDA
s DA market-clearing price under scenario s [e/MWh].

pG
i,s DA dispatch of conventional power unit i under scenario s

[MW].

pDA,SW
s DA dispatch of strategic wind producer under scenario s

[MW].

pDA,RW
s DA dispatch of rival wind producer under scenario s [MW].

pOf,SW Quantity offer of strategic wind producer [MW].

Real-time Variables:

λRT
ω,s Probability-weighted RT market-clearing price under sce-

nario ω and scenario s [e/MWh].

pspill,SW
ω Wind power spillage under scenario ω for strategic wind

producer [MW].

pspill,RW
ω,s Wind power spillage under scenario ω and scenario s for

rival wind producer [MW].

rU
i,ω,s Upward power adjustment of unit i under scenario ω and

scenario s [MW].

rD
i,ω,s Downward power adjustment of unit i under scenario ω and

scenario s [MW].

lshed
d,ω,s Involuntarily load shed of demand d under scenario ω and

scenario s [MW].

The offering strategy of the strategic wind power producer is mod-
eled through a stochastic complementarity approach [66, 72]. We use a
bilevel model, i.e., (3.1), whose upper-level (UL) problem (3.1a)-(3.1b)
maximizes wind producer’s expected profit, and lower-level (LL) problem
(3.1c)-(3.1o) clears the stochastic two-stage market through minimizing
the expected system cost. Note that in model (3.1), the strategic wind
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producer’s scenarios for its own generation are indicated by ω ∈ Ω and
for its rival by s ∈ S. Dual variables are indicated in each LL constraint
after a colon.

The UL objective function (3.1a) maximizes strategic wind producer’s
expected profit, considering wind power generation scenarios for rival
wind producer (s ∈ S), and consists of:

• wind producer’s profit in DA market, being the product of DA mar-
ket-clearing price, i.e., λDA

s , and scheduled quantity, i.e., pDA,SW
s ,

• wind producer’s expected profit/cost in RT market, being the prod-
uct of the probability-weighted RT market-clearing price, i.e., λRT

ω,s,
and wind power excess/deficit in RT, i.e., PF,SW

ω −pDA,SW
s −pspill,SW

ω

.

Maximize
pOf,SW, ΞLL,P∪ΞLL,D∑
s∈S

πs

[
λDA
s pDA,SW

s +
∑
ω∈Ω

λRT
ω,s(P

F,SW
ω − pDA,SW

s − pspill,SW
ω )

]
(3.1a)

The UL objective function (3.1a) is constrained by both UL constraint
(3.1b) and LL problem (3.1c)-(3.1o). The UL constraint (3.1b), below,
imposes the strategic quantity offer of wind producer, i.e., pOf,SW, to be
non-negative.

pOf,SW ≥ 0 (3.1b)

The LL objective function (3.1c) minimizes the expected system cost
including generation-side costs in DA and RT as well as load shedding
costs in RT.

λDA
s , pDA,SW

s , λRT
ω,s and pspill,SW

ω ∈ arg minimize
ΞLL,P

{
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i∈I

λG
i p

G
i,s +

∑
ω∈Ω

γω

[∑
i∈I

(λU
i r

U
i,ω,s − λD

i r
D
i,ω,s)

+
∑
d∈D

V shed
d lshed

d,ω,s

]
(3.1c)

Objective function (3.1c) is constrained by (3.1d) - (3.1o), below:

∑
d∈D

P
D

d −
∑
i∈I

pG
i,s − pDA,SW

s − pDA,RW
s = 0 : λDA

s (3.1d)

The LL constraint (3.1d) represents the power balance in DA, whose
dual variable, i.e., λDA

s , provides the DA market-clearing price.

0 ≤ pG
i,s ≤ P

G

i : φ
i,s
, φi,s ∀i (3.1e)

0 ≤ pDA,SW
s ≤ pOf,SW : σSW

s , σSW
s (3.1f)

0 ≤ pDA,RW
s ≤ PF,RW

s : σRW
s , σRW

s (3.1g)

Constraints (3.1e)-(3.1g), above, bind the DA schedule of conven-
tional power units and wind producers, based on their quantity offers (or
expected generation for rival wind producer).

Constraint (3.1h), below, refers to power balance in RT that adjusts
the energy imbalance by operational reserve deployment, wind power
spillage and load shedding. Note that its corresponding dual variable
provides the probability-weighted RT market-clearing price, i.e., λRT

ω,s.

∑
i∈I

(rD
i,ω,s − rU

i,ω,s)−
∑
d∈D

lshed
d,ω,s − (PF,SW

ω − pDA,SW
s − pspill,SW

ω )

− (PF,RW
s − pDA,RW

s − pspill,RW
s,ω ) = 0 : λRT

ω,s ∀ω (3.1h)

Constraints (3.1i)-(3.1j) imply that wind power spillage should be
equal to or less than the wind power realization.



3.2. MATHEMATICAL FORMULATION 73

0 ≤ pspill,SW
ω ≤ PF,SW

ω : τSW
ω , τSW

ω ∀ω (3.1i)

0 ≤ pspill,RW
ω,s ≤ PF,RW

s : τRW
ω,s , τ

RW
ω,s ∀ω (3.1j)

Constraint (3.1k) restricts the load shedding quantity. Lastly, oper-
ational reserves in RT are bounded by reserve quantity offers and DA
dispatch through (3.1l)-(3.1o).

0 ≤ lshed
d,ω,s ≤ P

D

d : ψ
d,ω,s

, ψd,ω,s ∀d,∀ω (3.1k)

0 ≤ rD
i,ω,s ≤ RD

i , : µD

i,ω,s
, µD

i,ω,s ∀i,∀ω (3.1l)

0 ≤ rU
i,ω,s ≤ RU

i , : µU

i,ω,s
, µU

i,ω,s ∀i,∀ω (3.1m)

rU
i,ω,s ≤ (P

G

i − pG
i,s), : µi,ω,s ∀i, ∀ω (3.1n)

rD
i,ω,s ≤ pG

i,s, : µ
i,ω,s
∀i, ∀ω (3.1o)}

∀s.

The set of primal variables of the LL problem is ΞLL,P = {pDA,SW
s ,

pDA,RW
s , pspill,SW

ω , pG
i,s, r

U
i,ω,s, r

D
i,ω,s, l

shed
d,ω,s, p

spill,RW
ω,s }.

Furthermore, the set of dual variables of the LL problem is ΞLL,D =
{λDA

s , φ
i,s
, φi,s, σ

SW
s , σSW

s , σRW
s , σRW

s , λRT
ω,s, τ

SW
ω , τSW

ω , τRW
ω,s , τ

RW
ω,s ,

ψ
d,ω,s

, ψd,ω,s, µ
D
i,ω,s

, µD
i,ω,s, µ

U
i,ω,s

, µU
i,ω,s, µi,ω,s, µi,ω,s}.

Finally, the primal variables of the UL problem (3.1a)-(3.1b) are
pOf,SW, as well as all members of variable sets ΞLL,P and ΞLL,D.

Given that LL problem (3.1c)-(3.1o) is continuous, linear and there-
fore convex, bilevel model (3.1) can be recast as a single-level mathemat-
ical program with equilibrium constraints (MPEC), by replacing the LL
problem by its Karush-Kuhn-Tucker (KKT) optimality conditions [66].
The procedure is similar to that of Chapter 2 and explained at Appendix
A. As in Chapter 2, the KKT conditions are derived by the Lagrangian
function associated with the LL, by differentiating the Lagrangian each
time with the corresponding primal variable of the LL problem. Thus,
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we can replace the LL problem (3.1c)-(3.1o) by its KKT conditions as
shown below:

Maximize
pOf,SW, ΞLL,P∪ΞLL,D

(3.1a) (3.2a)

subject to

(3.1b), (3.1d) and (3.1h) (3.2b)

∂L
∂pG

i,s

= λG
i − λDA

s − φi,s + φi,s +
∑
ω∈Ω

(µi,ω,s − µi,ω,s)

= 0 ∀i, ∀s (3.2c)

∂L
∂pDA,SW

s

= −λDA
s − σSW

s + σSW
s +

∑
ω∈Ω

λRT
ω,s = 0 ∀s (3.2d)

∂L
∂pDA,RW

s

= −λDA
s − σRW

s + σRW
s +

∑
ω∈Ω

λRT
ω,s = 0 ∀s (3.2e)

∂L
∂rU

i,ω,s

= γωλ
U
i − λRT

ω,s − µU

i,ω,s
+ µU

i,ω,s + µi,ω,s

= 0 ∀i,∀ω, ∀s (3.2f)

∂L
∂rD

i,ω,s

= −γωλD
i + λRT

ω,s − µD

i,ω,s
+ µD

i,ω,s + µ
i,ω,s

= 0 ∀i,∀ω, ∀s (3.2g)

∂L
∂lshed
d,ω,s

= γωV
shed
d − λRT

ω,s + ψd,ω,s − ψd,ω,s

= 0 ∀d,∀ω, ∀s (3.2h)

∂L
∂pspill,SW

ω,s

= λRT
ω,s + τSW

ω − τSW
ω = 0 ∀ω, ∀s (3.2i)

∂L
∂pspill,RW

ω,s

= λRT
ω,s + τRW

ω,s − τRW
ω,s = 0 ∀ω, ∀s (3.2j)

Lastly, complementarity slackness conditions, which refer to the rela-
tionship between the positivity in a primal constraint and the positivity
of its associated dual variable, are given below by (3.2k)-(3.2zc):

0 ≤ pG
i ⊥ φ

i,s
≥ 0 ∀i, ∀s (3.2k)
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0 ≤ (P
G

i − pG
i,s) ⊥ φi ≥ 0 ∀i, ∀s (3.2l)

0 ≤ pDA,SW
s ⊥ σSW

s ≥ 0 ∀s (3.2m)

0 ≤ (pOf,SW − pDA,SW
s ) ⊥ σSW

s ≥ 0 ∀s (3.2n)

0 ≤ pDA,RW
s ⊥ σRW

s ≥ 0 ∀s (3.2o)

0 ≤ (PF,RW
s − pDA,RW

s ) ⊥ σRW
s ≥ 0 ∀s (3.2p)

0 ≤ pspill,SW
ω ⊥ τSW

ω ≥ 0 ∀ω (3.2q)

0 ≤ (PW,F,SW
s − pspill,SW

ω ) ⊥ τSW
ω ≥ 0 ∀ω (3.2r)

0 ≤ pspill,RW
ω,s ⊥ τRW

ω,s ≥ 0 ∀ω,∀s (3.2s)

0 ≤ (PF,RW
s − pspill,RW

ω ) ⊥ τRW
ω ≥ 0 ∀ω,∀s (3.2t)

0 ≤ lshed
d,ω,s ⊥ ψ

d,ω,s
≥ 0 ∀d,∀ω,∀s (3.2u)

0 ≤ (P
D

d − lshed
d,ω,s) ⊥ ψd,ω,s ≥ 0 ∀d,∀ω,∀s (3.2v)

0 ≤ rD
i,ω,s ⊥ µD

i,ω,s
≥ 0 ∀i,∀ω,∀s (3.2w)

0 ≤ (RD
i − rD

i,ω,s) ⊥ µD
i,ω,s ≥ 0 ∀i, ∀ω,∀s (3.2x)

0 ≤ rU
i,ω,s ⊥ µU

i,ω,s
≥ 0 ∀i,∀ω,∀s (3.2y)

0 ≤ (RU
i − rU

i,ω,s) ⊥ µU
i,ω,s ≥ 0 ∀i,∀ω,∀s (3.2za)

0 ≤ (P
G

i − rU
i,ω,s − pG

i,s) ⊥ µi,ω,s ≥ 0 ∀i, ∀ω,∀s (3.2zb)

0 ≤ (pG
i,s − rD

i,ω,s) ⊥ µ
i,ω,s
≥ 0 ∀i,∀ω,∀s. (3.2zc)

The perpendicular (⊥) enforces the perpendicular condition between the
vectors on the left-hand and right-hand sides, i.e., their element-by-
element product is zero.

The MPEC (3.2) includes two sources of non-linearities:

• the bilinear terms λDA
s pDA,SW

s , λRT
ω,s p

DA,SW
s and λRT

ω,s p
spill,SW
ω in-

cluded in the objective function (3.1a), and

• complementarity conditions (3.2k)-(3.2zc).

Similarly to Chapter 2, bilinear terms of the objective function are
linearized using the strong duality theorem (SDT) along with the comple-
mentarity constraints (3.2k)-(3.2zc). The SDT states that if a problem
is convex then the objective functions of the primal and dual problems
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have the same value at the optimum, and for the investigated problem
this writes as in (3.3) below:

{∑
i∈I

λG
i p

G
i,s +

∑
ω∈Ω

γω

[∑
i∈I

(λU
i r

U
i,ω,s − λD

i r
D
i,ω,s) +

∑
d∈D

V shed
d lshed

d,ω,s

]
=

−
∑
i∈I

φi,sP
G

i − σSW
s pOf,SW − σRW

s PF,RW
s +

∑
d∈D

P
D

d λ
DA
s

−
∑
ω∈Ω

[
PF,SW
ω λRT

ω,s + PF,RW
s λRT

ω,s + PF,SW
ω τSW

ω + PF,RW
s τRW

ω,s

+
∑
d∈D

ψd,ω,sP
D

d +
∑
i∈I

RD
i µ

D
i,ω,s +

∑
i∈I

RU
i µ

U
i,ω,s +

∑
i∈I

P
G

i µi,ω,s

]}
∀s.

(3.3)

Finally, non-linear complementarities are linearized based on the Big-
M approach [77, 79], at the cost of introducing a set of auxiliary binary
variables. Following this linearization approach, MPEC is transformed
into a mixed-integer linear programming (MILP) problem, similarly to
Chapter 2, which is solved with available solvers.

3.3 Case Study

3.3.1 Data

A case study based on the IEEE one-area reliability test system [84]
is considered, in which conventional units are grouped for the sake of
simplicity. Each conventional unit offers at a quantity identical to its
installed capacity and at a price given in Table 3.1. In addition to
the conventional units, two wind power producers, i.e., the investigated
strategic producer (indicated by SW) and its rival wind producer (indi-
cated by RW), are considered with the same installed capacity of 800
MW each. The system load is 2,850 MW, and its value of lost load is set
to e200/MWh.
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Table 3.1: Technical Characteristics of Conventional Units

Unit PG
i λG

i RU
i λU

i RD
i λD

i

(i) [MW] [e/MW] [MW] [e/MWh] [MW] [e/MWh]

G1 451 35.88 250 40 0 -
G2 500 30.12 200 35 0 -
G3 80 45.00 40 50 0 -
G4 300 5.00 300 7 300 2
G5 474 18.72 290 25 125 10
G6 800 20.56 300 27 200 12
G7 800 7.53 400 15 100 5

In this chapter, we investigate the market from the strategic wind
power producer’s viewpoint. In order for the producer to optimally offer
its wind power generation to the market, it needs an uncertainty forecast,
e.g., in the form of wind power scenarios. As discussed already in Chapter
2, there are numerous techniques in the technical literature to generate
scenarios of wind power generation, such as [103, 104, 105, 106, 107]. In
this study, strategic wind power producer needs to forecast wind gener-
ation of both its own wind units as well as those of its rival. We assume
that both wind power forecasts follow a Beta distribution with shape
parameters (a, b). Strategic wind producer generates 2,000 scenarios for
its own wind power generation and the same number of scenarios for its
rival units, based on the corresponding forecast distribution. Then, sce-
narios are reduced to three in order to reduce computational cost, using
a scenario reduction approach such as the K-means method [89]. Note
that these samples are in per-unit, i.e., wind production divided by in-
stalled wind capacity. This procedure provides strategic wind producer’s
scenarios, denoted by ω1, ω2 and ω3, and, similarly, rival wind producer’s
scenarios s1, s2 and s3 with their corresponding probabilities.

To evaluate the impact of rival generation uncertainty on strategic
producer’s offering decisions, we investigate different levels of wind power
generation for both producers. Therefore, three different sets for the pa-
rameters of Beta distribution are examined in this case study, as given in
Table 3.2, which yield different distribution shapes for both producers.
These sets are selected to represent the three cases with the most char-



78
CHAPTER 3. STRATEGIC WIND POWER TRADING CONSIDERING

RIVAL WIND POWER PRODUCTION

acteristic differences in distribution shapes, i.e., cases with high-mean,
mid-mean and low-mean distributions, for each of the producers. The
three sets correspond to shape parameters a > b, a ' b and a < b, re-
spectively. Thus, we investigate the impact of forecast distributions on
the market outcomes as well as on strategic wind producer’s profits, for
all combinations of the aforementioned distributions.

Table 3.2: Shape Parameters of Beta Distributions

Shape Set 1 Set 2 Set 3

Parameters a > b a ' b a < b

(a, b) (3.78,1.62) (5.37,5.37) (1.89,4.48)

3.3.2 Results

In this section, we present the results for the case study assuming that
each of the wind power producers can have high-mean, mid-mean or low-
mean forecast distribution. Therefore, nine scenarios are investigated in
total with respect to their impact on strategic wind producer’s profits
and on market results.

In Fig. 3.2, one can see the wind power offers of the strategic wind
power producer for all the investigated cases. First, we evaluate the
outcomes in the case where strategic wind power producer expects high
wind power production, i.e., the blue curve of the plot. As anticipated,
offers are the highest compared to the cases where own wind generation
is expected to be lower. Consequently, from Fig. 3.3, expected profits
for this case are higher as well, independently of the expectations of
rival wind generation. However, albeit its own wind power forecast is
the same for the three RW scenarios, its wind power offers are different.
As observed from Fig. 3.2 wind offers are lower for RW scenarios 1 and
3. This is the result of wind producer’s strategic behavior in those two
cases. More precisely, wind producer withholds a part of its expected
wind generation in RW scenarios 1 and 3, in order to increase the market
prices. To confirm producer’s strategic behavior we perform a sensitivity
analysis and observe the value of the dual variable that corresponds to
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the upper bound of constraint (3.1f). This value indicates the sensitivity
of the producer’s profit with respect to its quantity offer. It is indeed
observed, from the first line of Table 3.3, that for RW scenarios 1 and
3, the value of the dual variable is greater than RW scenario 2, which
indicates that wind producer’s profit maximization is more sensitive to a
change in its quantity offer. Similar observation is also noticed in the case
of mid-mean distribution for the strategic wind power producer, i.e., red
curve. It is noticed that producer offers less at RW scenario 3, compared
to the other two scenarios, indicating its increased strategic behavior.
From the second line of Table 3.3, it is confirmed that wind producer’s
strategic behavior is increased in scenario 3, since the dual variable has
a high value compared to being zero for RW scenarios 1 and 2. As a
result, slightly higher profits are also observed for this case in Fig. 3.3.
For low-mean distribution (black curve), wind power producer offers the
same power quantity for all three RW scenarios, acting strategically, as
indicated at Table 3.3. However, its strategic behavior increases with
decreasing expectations of rival generation. This result is also observed
by the increased profits of strategic wind producer in Fig. 3.3.
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Figure 3.2: The strategic wind producer’s quantity offer to DA market

Fig. 3.4 reflects the expected DA market-clearing prices for all inves-
tigated cases. As expected, the highest prices are seen when both pro-
ducers are expected to have low wind power generation. Furthermore,
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Distribution of Rival Wind Producer
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Figure 3.3: Profit of strategic wind power producer

Table 3.3: Value of Sensitivity Factor: Dual Variable Corresponding to
the Upper Bound of Constraint (3.1f)

PPPPPPPPPSW
RW

Scenario 1 Scenario 2 Scenario 3

High-mean Mid-mean Low-mean
High-mean 6.334 0.220 12.772
Mid-mean 0 0 8.653
Low-mean 4.885 5.712 14.841

comparatively high prices are observed for RW scenario 3. Recalling the
high values of the sensitivity factor at the last column of Table 3.3, it is
apparent that exercising market power has contributed to the increased
market-clearing prices. Finally, Fig. 3.5 presents the expected market
cost, i.e., expected DA and RT system cost, for the investigated cases.
In line with the descriptions above, the cost is higher when total ex-
pected wind penetration in the market is the lowest, since wind comes
with greatly lower costs. Similarly, strategic behaviors at RW scenario
3 are followed, as well, by an increase in the expected market cost, ex-
plained by the fact that in these cases strategic wind producer withholds
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a part of its expected generation.
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Figure 3.4: Expected DA market-clearing price
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Figure 3.5: Expected total system cost

3.3.3 Computational Performance

For the simulations of this chapter we have used CPLEX under GAMS on
a Windows 8.1, 64-bit operating system with 2 cores processor running
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at 2.4 GHz and 12 GB of RAM. The computational time for each model
of the case study was approximately 2 min.

3.4 Summary and Conclusions

As wind power producers become dominant market players in a num-
ber of electricity markets, it is expected that they offer their generation
strategically. This chapter extends the model of Chapter 2 to include
more than one wind power producer. Under this context, it addresses
the impact of the uncertainty introduced by a rival wind power producer
on the offering strategy of the price-maker one. The price-maker wind
power producer forecasts the generation of its rival and makes optimal
power offers to a stochastic DA market. The results of a large case study
lead to the following observations:

1. Strategic wind power producer’s offering strategy depends highly
on the introduced power uncertainty of its rival. More precisely, it
exercises more market power when the expected wind power gener-
ation of the rival wind producer is relatively low but is independent
of the rival’s expected generation when its own wind forecast is low
as well.

2. Under both the aforementioned conditions, strategic wind producer
withholds a part of its generation in order to increase DA market
prices to its own benefit.

3. Finally, it is observed that the expected total market cost is, as
anticipated, higher when both producers are expected to produce
low wind power as well as in cases where there is increased strategic
behavior, i.e., price-maker producer withholds a part of its expected
generation. Increased cost is the result of the increased energy
prices caused by the present strategic behaviors.

3.5 Future Perspectives

This study was made under the assumption that strategic wind power
producer has a forecast of its rival, which acts as a price-taker. It can
be extended by assuming both or more producers as price-makers in the
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market. The consideration of all participating wind power producers as
price-makers, would yield a more complex study which can be seen as a
non-cooperative game. Under this context, Chapter 4 extends this study,
and the relevant one of Chapter 2, to a non-cooperative game with mul-
tiple strategic producers. However, the private nature of individual wind
power forecasts would lead to a game of incomplete or imperfect infor-
mation [100], which is left for future research. In the following chapter,
this bottleneck of missing wind forecast information is bypassed by ac-
commodating an aggregate wind power forecast in the decision-making
models, motivated by the fact that an increasing number of market op-
erators and/or TSOs are publishing this information as a part of their
transparency initiatives.

3.6 Chapter Publications

This chapter has led to the following publication:

• L. Exizidis, J. Kazempour, P. Pinson, Z. D. Grève, and F. Vallée,
Strategic wind power trading considering rival wind power produc-
tion, Proceedings of 2016 IEEE Innovative Smart Grid Technologies
- Asia (ISGT-Asia), Melbourne, Australia, Nov. 2016.





Chapter 4

Impact of Public Aggregate Wind Forecasts
on Electricity Market Outcomes

4.1 Introduction

Under the scope of the previous chapters, we investigated market setups
where there was only one strategic producer. However, in actual elec-
tricity markets it is expected that multiple producers will try to exercise
market power. Thus, in this chapter we investigate a market where there
exist multiple strategic power producers which include in their offering
portfolio both wind and conventional power generation units. Under this
setting, the main focus of this chapter is to evaluate how public forecasts
of the aggregate wind power generation can affect market-clearing out-
comes and participants revenues. Due to the presence of multiple strate-
gic producers, the market is represented by a non-cooperative game and
the market outcomes are evaluated at the equilibrium point.

4.1.1 Background and Motivation

European electricity market regulators, representatives of EU countries
and stakeholders gathered in June 2015 in Florence to discuss the im-
plementation of the so-called “third energy package”, which aims at im-
proving the functioning of the internal energy markets [108]. Among
other, participants agreed on the importance of renewable energy in the
energy mix, stressing however the fact that renewable power producers
should follow the same rules with conventional producers and compete
them without any support, under the current framework of a liberal-
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ized market [93]. Moreover, European Union escalated the importance
for increased transparency in electricity market operations, which has
already improved over the past few years following Regulation (EU) No
543/2013 on the submission and publication of data in electricity mar-
kets [98]. The latter implies that TSOs shall calculate and provide for
their control areas, among other information, a forecast of wind power
generation (MW) per bidding zone, per each market time unit of the
following day to the European Network of Transmission System Opera-
tors for Electricity (ENTSO-E). Following this directive, TSOs started
publishing aggregate forecasts of wind power generation in their control
area. For example, the TSO of Belgium, i.e., ELIA, publishes day-ahead
(DA) and week-ahead forecasts of wind power [109] in order to “provide
the basis for a harmonised, transparent environment and create a level
playing field between all market players, which will potentially foster
the development of the electricity market”[110]. To this end, ENTSO-
E Transparency Platform [111] provides free, continuous access to Pan-
European electricity market data for all users, across six main categories:
load, generation, transmission, balancing, outages and congestion man-
agement. However, Europe is not alone in taking decisive steps towards
public forecast-related information. The interest for public aggregate
forecasts is shared by more system operators in other geographical ar-
eas, such as the Independent System Operator of New England [112],
Midcontinent Independent System Operator [113] and Alberta Electric
System Operator [114], which provide aggregate DA and/or week-ahead
forecasts for their control areas.

Challenged by the aforementioned political decisions and policy reg-
ulations, the main contribution of this chapter is to offer an insight into
how public forecasts and the level of their deviation can potentially im-
pact market operation as well as market participants interests. The study
is performed for a DA market setup with increased share of wind power.
A joint energy and reserve auction is considered, where strategic conven-
tional power producers may also include within their offering portfolio
wind power, which they offer at generation cost based on a forecast. In
contrast to the previous chapters, wind power is offered based on a de-
terministic forecast and RT market-clearing stage is not anticipated in
the DA. However, reserve quantities are allocated in order to balance the
system in case of generation-demand inadequacy in real time. Given that
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producers may exercise market power, it comes naturally to represent the
market by a non-cooperative game played among all producers. We con-
sider all producers as strategic players, as they all have the capacity to
exercise market power. Therefore, a game-theoretic approach is followed
where each producer builds a mathematical program with equilibrium
constraints (MPEC) in order to optimally decide its offering strategy.
An iterative diagonalization approach [115, 116, 117, 118] is then incor-
porated to search for the equilibrium of the game, which is found when
no producer has incentive to change its strategy unilaterally.

4.1.2 Literature Review and Contributions

The major drawback for the large-scale integration of wind power in elec-
tricity markets is its intermittent nature. The cost for backup flexibility
reserves is considerably high in order to guarantee reliability, while en-
ergy storage is still not mature enough [94]. Despite the fact that wind
power forecasting will never be perfectly accurate, it has improved sig-
nificantly through intensive research spanning over the last two decades
[27]. Following the emergence of advanced methods for wind power fore-
casting, the latter has been distinguished as a dominant tool for market
participation. Under this context, an ever-increasing number of contribu-
tions is focusing on suggesting tools for wind power trading in electricity
markets with significant share of wind power generation.

Initial studies adopted models where wind power producers are non-
strategic players, i.e., price-takers, and/or receiving additional support
when participating in a forward electricity market [55, 95, 96, 97]. How-
ever, as the cost of wind power production is low and the competitiveness
of wind power increases, wind power producers are forced to participate
in the electricity markets under full competition and following the same
rules as conventional producers [98]. Under this context, [71] considers
that wind power producers strategically offer their power in the balancing
market. It is anticipated that wind producer acts as a price-taker in DA
market, due to the large volume of traded energy. In addition, [71] in-
vestigates how the shape of the forecast distribution impacts the offering
strategy of producer. The problem of a price-maker wind power producer
in DA market, being a deviator in the balancing market, is addressed in
[72]. More specifically, the problem is formulated as a stochastic opti-
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mization tool for market participation, where uncertainty pertaining to
wind power production is represented through scenarios. The impact of
a price-maker wind power producer on electricity prices as well as on
the resulting imbalances is studied in [73] for a market without regulated
tariffs. Furthermore, study [74] additionally considers, through scenar-
ios, the uncertainties in demand, wind power generation and bidding
strategies of strategic conventional generators focusing on the problem
of strategic wind power trading.

A more realistic setup would suggest the consideration of multiple
strategic power producers competing each other in an effort to increase
their own profits. Considering various market players that offer their
generation strategically acting as price-makers, the investigated market
can be seen as a non-cooperative game assuming complete information
knowledge, i.e., the offers of rival producers are perfectly known. For
example, in [75], the equilibria reached by strategic producers in a pool-
based electricity market are investigated. The behavior of each power
producer is described by an MPEC, whose joint solution constitutes an
equilibrium problem with equilibrium constraints (EPEC). Moreover, in
[90], strategic electricity producers react to both prices and rival produc-
tion changes, in both the spot and the futures markets. The proposed
model allows deriving analytical expressions that characterize such multi-
market equilibria. Motivated by the increasing levels of wind power
penetration in electricity markets, [70] investigates the equilibria in a
pool-based oligopolistic electricity market, including a DA and several
real-time (RT) markets, where wind power is also considered within the
generation portfolio of the strategic producers. Then, the resulting EPEC
is solved, in the search of the equilibrium point. Following the same
approach, [119] proposes a stochastic model to find the equilibria that,
compared to [70], additionally considers the transmission constraints and
proposes a different approach for RT market-clearing.

In view of the above, the central contribution of this chapter is to in-
vestigate the impact of public aggregate wind forecasts in an imperfectly
competitive market environment. Even though availability of public ag-
gregate wind forecasts is expected to improve market operation, strategic
behaviour of market players could merely jeopardize this vision. More
precisely, the impact of aggregate forecasts on the market results should
be investigated, given a market with strategic players. Therefore, we
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study a market setup where producers, which include within their port-
folio both wind and conventional units, offer their conventional power
strategically to the DA market, while their wind power is offered at gen-
eration cost based on a forecast. Producers determine their optimal of-
fering strategy considering individual forecasts for their own wind units
as well as the public aggregate forecast. Their decision-making tool is
formulated as a bilevel optimization model. Then, the interaction of all
participating producers is represented by a non-cooperative game with
complete information, whose equilibrium is investigated through an it-
erative diagonalization procedure. Energy and reserve prices as well as
social welfare are compared for under- and over-forecasting at the equi-
librium points. Additionally, the results are analyzed from the producers
point of view by evaluating the impact of different aggregate forecasts on
their profits.

4.1.3 Chapter Organization

The rest of the chapter is organized as follows: Section 4.2 proposes a
bilevel optimization model for the strategic offering of power producers
and provides the corresponding mathematical formulation. Additionally,
it presents the methodology followed for the equilibrium study among the
various power producers. Section 4.3 presents the results for a case study
based on the IEEE reliability test system, as well as an additional nu-
merical study considering uncertainty of wind generation and RT prices.
Finally, Section 4.4 concludes the chapter.

4.2 Mathematical Formulation

Notation:

Sets:

I Set of all conventional power units.

IJ Set of conventional power units belonging to producer J .

W Set of all wind power units.

WJ Set of wind power units belonging to producer J .
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D Set of demands.

Bi Set of generation blocks of unit i.

Ω Set of wind power generation scenarios.

S Set of real-time market price scenarios.

Indices:

J Index for producers.

i Index for conventional power units.

b Index for generation blocks of conventional units.

d Index for demands.

l Index for wind power units.

ω Index for wind power generation scenarios.

s Index for real-time market price scenarios.

Variables:

pG
i,b Scheduled generation for the b-th block of conventional

power unit i [MW].

rU
i Committed upward reserve from conventional power unit i

[MW].

rD
i Committed downward reserve from conventional power unit

i [MW].

λDA Energy price [e/MWh].

µU Price of capacity for committed upward reserve [e/MWh].

µD Price of capacity for committed downward reserve
[e/MWh].

αG
i,b Price offer for the b-th block of unit i [e/MWh].
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pD
d Scheduled consumption for demand d [MW].

pW
l Scheduled wind power generation for wind power unit l

[MW].

pW,RT
l,ω Power sold/bought in the real-time market by the l-th wind

power unit under scenario ω [MW].

Parameters:

CG
i,b Marginal cost of the b-th block of unit i [e/MWh].

λD
d Price bid of demand d [e/MWh].

γ, δ Non-negative factors representing the minimum reserve re-
quirements of the market as percentage of total demand and
total installed wind capacity, respectively.

W l Installed wind power capacity of the wind power unit l
[MW].

P
G

i,b Maximum generation capacity of the b-th block of unit i
[MW].

P
D

d Maximum consumption of demand d [MW].

R
U

i Maximum upward reserve capacity of unit i [MW].

R
D

i Maximum downward reserve capacity of unit i [MW].

Fl Wind power forecast of the l-th unit as private data, pro-
vided by its owner [MW].

FMO Aggregate wind power forecast as public information, pro-
vided by market operator [MW].

PW,P
l,ω Wind power produced by the l-th wind power unit under

scenario ω [MW].

λRT
s Real-time market price under scenario s [e/MWh].

πω Probability of scenario ω.
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πλs Probability of scenario s.

This section is divided into four parts: Section 4.2.1 presents the
main features and assumptions of the model used in this chapter. Sec-
tion 4.2.2 provides the mathematical formulation of producers decision-
making tool. The iterative diagonalization process followed to identify
the equilibrium of the game is described in Section 4.2.4. Lastly, an ad-
ditional step is taken in Section 4.2.5, where the actual DA market is
cleared based on the offers of producers at the equilibrium point.

4.2.1 Features and Assumptions

Under the scope of this study, a number of necessary assumptions are
made which are presented hereafter:

1. An imperfectly competitive electricity market is considered, in
which power producers include within their generation portfolio
both conventional and wind power generation, in contrast to previ-
ous Chapters 2 and 3 where the focus was on strategic wind power
producers. Moreover, we consider conventional producers to offer
their generation in blocks of increasing generation cost.

2. Producers behave strategically with respect to price offers of con-
ventional generation [69, 70], but not regarding their wind genera-
tion, which they offer deterministically based on a forecast.

3. For the sake of simplicity, transmission constraints are not enforced
[70, 71, 73]. A relevant formulation considering transmission con-
straints can be found in the formulation of Chapter 5.

4. Inter-temporal constraints, e.g., ramping limits of conventional
units, are not enforced and thus a single-hour auction is considered,
which is consistent with the relevant literature [70, 71, 74, 75].

5. This study only focuses on the DA market and evaluates its impact
on market outcomes in that stage. Thus, the RT stage, in which
the actual wind power is realized, is not considered for simplicity.
However, market operator commits in DA a specific level of reserve
capacity, which manages potential DA forecast errors in real time.
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The required reserve capacity is exogenously sized based on the
total demand as well as on the installed wind capacity.

6. For the sake of clarity, in view of the aforementioned assumption, a
complementary numerical study is additionally presented in Section
4.3.3, offering an insight on the same problem considering uncer-
tainty on wind power generation and RT prices.

7. Being consistent with the previous chapters, the operational cost
of wind power producers is considered zero, as it is customary in
the technical literature, e.g., [20, 21, 22, 23, 24]. In some realis-
tic electricity markets, this cost is even negative due to renewable
incentives [25].

8. In order to identify an equilibrium, a game of complete information
is considered where producers anticipate perfectly the offers of their
rivals, in line with the necessary assumptions of a Nash game. On
the other hand, individual wind power forecasts are private infor-
mation used for solving the individual decision-making problem of
each producer along with an aggregate wind power forecast, with
the latter being publicly available by the TSO.

9. Finally, demand is assumed to be elastic with respect to price and
deterministic in order to avoid additional sources of uncertainty.
This difference with the models of Chapters 2 and 3 is depicted in
the formulation of the market-clearing problem, which in this chap-
ter maximizes social welfare, i.e, aggregate demand utility minus
aggregate generation cost, instead of minimizing market cost. This
feature additionally models the possibility of consumers to with-
draw from the market if the price is lower than their corresponding
bids.

The aforementioned setup is illustrated in Fig. 4.1. As shown, in con-
trast to previous Chapters 2 and 3, in this study we consider conventional
producers that might include wind power in their offering portfolio. Fur-
thermore, all producers are considered to be strategic in the DA market,
which means that they all anticipate the DA market-clearing procedure in
their decision-making model based on the available information. A game
of complete information is considered, where all strategic producers have
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perfect knowledge of their rivals offers to the market. Additionally to this
information, all producers have access to a public aggregate wind power
forecast, which is published by the system operator as well as a private
wind power forecast for their own wind power plants (where applicable).
The output of the game is the strategic price offers of power producers,
regarding the conventional part of their generation portfolio, at the equi-
librium. Then, the DA market is cleared based on the price offers as
well as the quantity offers of producers, which for the wind power plants
correspond to their private forecasts. Note that in contrast to Chapters
2 and 3, the DA market is a deterministic market, which however com-
mits a specific level of reserve capacity in order to manage potential DA
forecast errors in real time.

Strategic price offers 
to the DA market 
at the equilibrium

Game with complete information 
among strategic producers

Strategic Producers

DA Market-Clearing
(24h in advance)

Market-Clearing

DA 

DA

Figure 4.1: Illustrative representation of the market setup of Chapter 4

4.2.2 Model Formulation Considering Aggregate Wind Forecasts

In this subsection, the mathematical formulation of the producers of-
fering tool is presented. Each producer solves bilevel problem (4.1) in
order to optimize its offer, considering its privately owned wind power
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forecast as well as the available public aggregate wind power forecast.
The problem is formulated as a bilevel model for each producer J , whose
upper-level (UL), i.e., (4.1a)-(4.1c), maximizes producer’s profit and de-
rives its strategic price offers and whose lower-level (LL) problem, i.e.,
(4.1d)-(4.1o), clears the DA market through maximizing social welfare.
Note that dual variables are indicated in each LL constraint after a colon.

The UL objective function, i.e., (4.1a), maximizes the profit of pro-
ducer J , and consists of:

• Producer’s profit due to conventional generation after deducting
the generation costs, i.e.,

∑
i∈IJ

∑
b∈Bi(λ

DA − CG
i,b) p

G
i,b.

• Producer’s profit due to wind generation, i.e.,
∑

l∈WJ
(λDApW

l ).

• Associated profits for allocation of upward and downward reserve
capacities, i.e.,

∑
i∈IJ (µUrU

i + µDrD
i ).

{
Maximize

αG
i,b, ΞLL,P ∪ ΞLL,D

∑
i∈IJ

∑
b∈Bi

(λDA − CG
i,b) p

G
i,b

+
∑
l∈WJ

(λDA pW
l ) +

∑
i∈IJ

(µU rU
i + µD rD

i ) (4.1a)

The UL objective function (4.1a) is subject to UL constraints (4.1b)-
(4.1c) below, and LL problem (4.1d)-(4.1o).

0 ≤ αG
i,b ∀i ∈ IJ ,∀b (4.1b)

αG
i,b−1 ≤ αG

i,b ∀i ∈ IJ ,∀b ≥ 2 (4.1c)

The UL constraints (4.1b)-(4.1c) impose the strategic price offer for
the conventional units, i.e., αG

i,b, to be non-negative and non-decreasing
from the first offer block to the last.

The LL objective function (4.1d), below, maximizes social welfare of
the market based on producers offers and demand bids, which is con-
strained by (4.1e)-(4.1o).
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λDA, pW
l , r

U
i , r

D
i , µ

U, µD and pG
i,b ∀i ∈ IJ , ∀l ∈ WJ , ∀b ∈ arg

{
maximize

ΞLL,P

∑
d∈D

λD
d p

D
d −

∑
i∈I

∑
b∈Bi

αG
i,b p

G
i,b (4.1d)

The power balance in DA is enforced by constraint (4.1e), below:

∑
i∈I

∑
b∈Bi

pG
i,b +

∑
l∈W

pW
l =

∑
d∈D

pD
d : λDA (4.1e)

Constraints (4.1f) and (4.1g) impose the minimum reserve require-
ments of the market:

∑
i∈I

rU
i ≥ γ

∑
d∈D

P
D

d + δ
∑
l∈W

W l : µU (4.1f)∑
i∈I

rD
i ≥ γ

∑
d∈D

P
D

d + δ
∑
l∈W

W l : µD (4.1g)

The level of minimum reserve requirements is introduced as a portion
of the total load level plus a portion of the level of installed wind power
capacity, using non-negative factors γ and δ, respectively. Note that the
dual variables of constraints (4.1e), (4.1f) and (4.1g) indicate the prices
for energy, upward and downward committed reserves, respectively.

Constraints (4.1h)-(4.1l), below, bind the generation and reserve ca-
pacities by the corresponding maximum capacity offers.

0 ≤ rU
i ≤ R

U

i : ρU

i
, ρU

i ∀i (4.1h)

0 ≤ rD
i ≤ R

D

i : ρD

i
, ρD

i ∀i (4.1i)

0 ≤ pG
i,b ≤ P

G

i,b : τ i,b, τ i,b ∀i, ∀b (4.1j)∑
b∈Bi

pG
i,b + rU

i ≤
∑
b∈Bi

P
G

i,b : φ
G

i ∀i (4.1k)



4.2. MATHEMATICAL FORMULATION 97

0 ≤
∑
b∈Bi

pG
i,b − rD

i : φG

i
∀i (4.1l)

Constraint (4.1m) binds the scheduled demand by the maximum de-
mand bids:

0 ≤ pD
d ≤ P

D

d : ψ
d
, ψd ∀d (4.1m)

Constraint (4.1n), below, sets the scheduled wind for the investigated
producer to be less than or equal to its own private forecast.

0 ≤ pW
l ≤ Fl : σl, σl ∀l ∈ WJ (4.1n)

Finally, constraint (4.1o) enforces the aggregate scheduled wind power
of rival wind units to be lower than or equal to the public aggregate
forecast minus producer’s individual forecast for its own wind generation.

0 ≤
∑
l /∈WJ

pW
l ≤ FMO −

∑
l∈WJ

Fl : σMO, σMO
}

(4.1o)}
∀J.

The set of primal variables of LL problem (4.1d)-(4.1o) is ΞLL,P =
{pW

l , p
G
i,b, p

D
d , r

U
i , rD

i }.
Furthermore, the set of dual variables of the LL problem is ΞLL,D =

{λDA, µU, µD, ρU
i
, ρU

i , ρ
D
i
, ρD

i , τ i,b, τ i,b, φ
G

i
, φ

G

i , ψd, ψd, σl, σl, σ
MO, σMO}.

Finally, the primal variables of the UL problem (4.1a)-(4.1c) are αG
i,b

as well as all members of variable sets ΞLL,P and ΞLL,D.

Lower-level problem (4.1d)-(4.1o) is continuous, linear and, therefore,
convex. This allows bilevel problem (4.1) to be recast as a single-level
MPEC through replacing the LL problem by its Karush-Kuhn-Tucker
(KKT) optimality conditions. The procedure is similar to the one in
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Chapters 2, 3 and is explained in Appendix A. As in Chapter 2, the KKT
conditions are derived by the Lagrangian function associated with the
LL, by differentiating the Lagrangian each time with the corresponding
primal variable of the LL problem. Thus, we can replace the LL problem
(4.1d)-(4.1o) by its KKT conditions as shown below:

{
Maximize

αG
i,b, ΞLL,P ∪ ΞLL,D

(4.1a) (4.2a)

subject to:

(4.1b), (4.1c) and (4.1e) (4.2b)

∂L
∂pG

i,b

= αG
i,b − λDA + φ

G

i − φG

i
+ τ i,b − τ i,b

= 0 ∀i, ∀b (4.2c)

∂L
∂pD

d

= −λD
d + λDA + ψd − ψd = 0 ∀d (4.2d)

∂L
∂pW

l

= −λDA + σl − σl = 0 ∀l ∈ WJ (4.2e)

∂L
∂
∑

l /∈WJ
pW
l

= −λDA + σMO − σMO = 0 (4.2f)

∂L
∂rU

i

= −µU + ρU
i − ρU

i
+ φ

G

i = 0 ∀i (4.2g)

∂L
∂rD

i

= −µD + ρD
i − ρD

i
+ φG

i
= 0 ∀i (4.2h)

Lastly, complementarity slackness conditions, which refer to the rela-
tionship between the positivity in a primal constraint and the positivity
of its associated dual variable, are given below by (4.2i)-(4.2x):

0 ≤
(∑

i∈I

rU
i − γ

∑
d∈D

P
D

d − δ
∑
l∈W

W l

)
⊥ µU ≥ 0 (4.2i)

0 ≤
(∑

i∈I

rD
i − γ

∑
d∈D

P
D

d − δ
∑
l∈W

W l

)
⊥ µD ≥ 0 (4.2j)
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0 ≤ rU
i ⊥ ρU

i
≥ 0 ∀i (4.2k)

0 ≤ (R
U

i − rU
i ) ⊥ ρU

i ≥ 0 ∀i (4.2l)

0 ≤ rD
i ⊥ ρD

i
≥ 0 ∀i (4.2m)

0 ≤ (R
D

i − rD
i ) ⊥ ρD

i ≥ 0 ∀i (4.2n)

0 ≤ pG
i,b ⊥ τ i,b ≥ 0 ∀i, ∀b (4.2o)

0 ≤ (P
G

i,b − pG
i,b) ⊥ τG

i,b ≥ 0 ∀i, ∀b (4.2p)

0 ≤ (
∑
b∈Bi

pG
i,b − rD

i ) ⊥ φG

i
≥ 0 ∀i (4.2q)

0 ≤ (
∑
b∈Bi

P
G

i,b −
∑
b∈Bi

pG
i,b − rU

i ) ⊥ φ
G

i ≥ 0 ∀i (4.2r)

0 ≤ pD
d ⊥ ψ

d
≥ 0 ∀d (4.2s)

0 ≤ (P
D

d − pD
d ) ⊥ ψd ≥ 0 ∀d (4.2t)

0 ≤ pW
l ⊥ σl ≥ 0 ∀l ∈ WJ (4.2u)

0 ≤ (Fl − pW
l ) ⊥ σl ≥ 0 ∀l ∈ WJ (4.2v)

0 ≤
∑
l /∈WJ

pW
l ⊥ σMO ≥ 0 (4.2w)

0 ≤
(
FMO −

∑
l /∈WJ

pW
l −

∑
l∈WJ

Fl

)
⊥ σMO ≥ 0 (4.2x)}

∀J.

The perpendicular (⊥) enforces the perpendicular condition between
the vectors on the left-hand and right-hand sides, i.e., their element-by-
element product is zero.

MPECs (4.2), one per producer, are non-linear due to the following
two sources of non-linearities:

• the bilinear terms λDA pG
i,b, λ

DA pW
l , µU rU

i and µD rD
i included in

the objective function (4.2a), and

• complementarity conditions (4.2i)-(4.2x).
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The bilinear terms inside the objective function are linearized based
on an approach without approximation, deploying the strong duality the-
orem (SDT) and mathematical expressions (4.2c)-(4.2x), as in [75] and
Chapters 2 and 3. The SDT states that if a problem is convex then the
objective functions of the primal and dual problems have the same value
at the optimum, and for the investigated problem this writes as in (4.3)
below:∑

i∈I

∑
b∈Bi

αG
i,b p

G
i,b −

∑
d∈D

λD
d p

D
d =

µU

(
γ
∑
d∈D

P
D

d + δ
∑
l∈W

W l

)
+ µD

(
γ
∑
d∈D

P
D

d + δ
∑
l∈W

W l

)
−
∑
i∈I

R
U

i ρ
U
i −

∑
i∈I

R
D

i ρ
D
i −

∑
i∈I

∑
b∈Bi

P
G

i,bτ i,b −
∑
i∈I

∑
b∈Bi

P
G

i,bφ
G

i

−
∑
d∈D

P
D

d ψd −
∑
l∈W

Flσl − σMO

(
FMO −

∑
l∈WJ

Fl

)
. (4.3)

Finally, complementarity conditions are linearized based on an SOS1
approach [66, 120] but at the cost of introducing a set of auxiliary SOS1
variables. The SOS1 method is used in this study because it has the
advantage, over the previously used Big-M approach, that it does not
need to be manually adjusted every time the optimization problem is
solved. Thus, it is preferred over the previously used Big-M approach,
given that the optimization problem of this chapter is iteratively solved
multiple times in order to reach an equilibrium. The SOS1 approach is
further explained in Appendix A.

The corresponding MPEC is linearized and then solved, as a mixed-
integer linear program (MILP), similarly to Chapters 2 and 3 and as
explained in Appendix A. The collection of all MPECs, one per pro-
ducer, forms an EPEC, whose solution identifies the equilibrium point.
Unlike [70, 75, 90] in which the LL problem of all producers is common
(equilibrium with shared constraints), the LL problems of producers in
this chapter are different, because each producer anticipates DA wind
power schedules based on the public aggregate forecast as well as the
individual one, which is different for each producer. This prevents the
use of EPEC solution techniques proposed in [70, 75, 90]. Alternatively,
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we use an iterative diagonalization approach to solve EPEC, in which
each producer determines sequentially its strategy considering the ri-
vals strategies fixed. The iterations continue until no producer changes
its strategy unilaterally or until the maximum number of iterations is
reached. Further description is available in Section 4.2.4.

4.2.3 Benchmark: Model Formulation Assuming Public Knowledge
of Individual Wind Forecasts

In this section, we consider a different setup that will serve as a reference
throughout this chapter: individual wind power forecasts are assumed
to be public knowledge and available to all market agents. Thus, strate-
gic producers have access to the individual wind power forecasts of rivals
and do not consider the public aggregate forecast in their decision-making
tools. This forms a well-defined non-cooperative game with complete in-
formation, which is already studied in the relevant literature from various
viewpoints such as [62, 70, 119].

The problem is formulated as a bilevel model whose UL, i.e.,(4.4a)-
(4.4c), maximizes producer’s profit and derives strategic price offers and
whose LL problem, i.e., (4.4d)-(4.4n), clears the DA market through max-
imizing social welfare. The UL objective function (4.4a) is constrained
by both UL constraints (4.4b)-(4.4c) and LL problem (4.4d)-(4.4n). Dual
variables are indicated in each LL constraint after a colon.

The UL objective function, i.e.,(4.4a), maximizes producer’s profit
and includes as before:

• Producer’s profit due to conventional generation after deducting
the generation costs, i.e.,

∑
i∈IJ

∑
b∈Bi(λ

DA − CG
i,b) p

G
i,b.

• Producer’s profit due to wind generation, i.e.,
∑

l∈WJ
(λDApW

l ).

• Associated profits for allocation of upward and downward reserve
capacities, i.e.,

∑
i∈IJ (µUrU

i + µDrD
i ).

{
Maximize

αG
i,b, ΞLL,P ∪ ΞLL,D

∑
i∈IJ

∑
b∈Bi

(λDA − CG
i,b) p

G
i,b +

∑
l∈WJ

(λDA pW
l )
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+
∑
i∈IJ

(µU rU
i + µD rD

i ) (4.4a)

Constraints (4.4b)-(4.4c) and (4.4e)-(4.4m) are similar to (4.1b)-
(4.1c) and (4.1e)-(4.1m) which correspond to the model of Section 4.2.2.

0 ≤ αG
i,b ∀i ∈ IJ ,∀b (4.4b)

αG
i,b−1 ≤ αG

i,b ∀i ∈ IJ ,∀b ≥ 2 (4.4c)

where λDA, pW
l , r

U
i , r

D
i , µ

U, µD and pG
i,b ∀i ∈ IJ ,

∀l ∈ WJ , ∀b ∈ arg
{

maximize
ΞLL,P

∑
d∈D

λD
d p

D
d −

∑
i∈I

∑
b∈Bi

αG
i,b p

G
i,b (4.4d)

subject to:∑
i∈I

∑
b∈Bi

pG
i,b +

∑
l∈W

pW
l =

∑
d∈D

pD
d : λDA (4.4e)∑

i∈I

rU
i ≥ γ

∑
d∈D

P
D

d + δ
∑
l∈W

W l : µU (4.4f)∑
i∈I

rD
i ≥ γ

∑
d∈D

P
D

d + δ
∑
l∈W

W l : µD (4.4g)

0 ≤ rU
i ≤ R

U

i : ρU

i
, ρU

i ∀i (4.4h)

0 ≤ rD
i ≤ R

D

i : ρD

i
, ρD

i ∀i (4.4i)

0 ≤ pG
i,b ≤ P

G

i,b : τ i,b, τ i,b ∀i, ∀b (4.4j)∑
b∈Bi

pG
i,b + rU

i ≤
∑
b∈Bi

P
G

i,b : φ
G

i ∀i (4.4k)

0 ≤
∑
b∈Bi

pG
i,b − rD

i : φG

i
∀i (4.4l)

0 ≤ pD
d ≤ P

D

d : ψ
d
, ψd ∀d (4.4m)

However, constraint (4.4n), below, is different from (4.1o) and sets
the scheduled wind power of each wind farm l to be less than or equal to
the corresponding producer’s forecast (which is now considered common
knowledge).
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0 ≤ pW
l ≤ Fl : σl, σl ∀ l (4.4n)}

∀J.

The set of primal variables of LL problem (4.4d)-(4.4n) is ΞLL,P =
{pW

l , p
G
i,b, p

D
d , r

U
i , rD

i }.
Furthermore, the set of dual variables of the LL problem is ΞLL,D =

{λDA, µU, µD, ρU
i
, ρU

i , ρ
D
i
, ρD

i , τ i,b, τ i,b, φ
G

i
, φ

G

i , ψd, ψd, σl, σl}.

Finally, the primal variables of the UL problem (4.4a)-(4.4c) are αG
i,b

as well as all members of variable sets ΞLL,P and ΞLL,D.

Given that wind power is offered by all producers at zero price, indi-
vidual producers optimization models are only affected by the summation
of scheduled wind power for all rival producers, as included in constraints
(4.1e) and (4.4e). Thus, assuming that producers know exactly the indi-
vidual wind power forecasts of rival producers equals to having knowledge
only about the summation of individual forecasts. Concluding, due to
the aforementioned description the case study with public individual fore-
casts yields the same result with the one where public aggregate forecast
is equal to the summation of individual private ones. This notion eases
the computations, since we can represent the solution of the problem of
this subsection by the case where public aggregate forecast is equal to
the summation of individual ones.

4.2.4 Identifying the Equilibrium Point Among Producers

We represent the game among all strategic producers by an iterative
diagonalization process, which is illustrated in Fig. 4.2. Producers make
their offering decisions sequentially, while at each step each producer
considers the offers of rivals being fixed. The game is, therefore, described
by the following three steps:

1. Iteration counter (c), maximum number of iterations (cmax), con-
vergence tolerance (ε) and price offering strategies (x(c)) are ini-
tialized. For the first step of the iterative process, producers price
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offering strategies, i.e., vector of price offers, are initialized to be
equal to their marginal costs.

2. Through iteration c, each power producer solves the corresponding
MPEC in order to determine its optimal offering strategy, keeping
rivals offers fixed to their value at iteration c − 1. The vector of
price offers is, thus, updated by the solution of the corresponding
MPEC for all producers.

3. Finally, vector of price offers at iteration c is compared to the one at
iteration c-1. If their mathematical distance is greater than ε, then
a new iteration starts. The iterations stop either if this distance is
smaller than the value of tolerance, i.e., an equilibrium is found, or
if the maximum number of iterations has been reached, indicating
that no equilibrium is found.

4.2.5 Day-Ahead Market-Clearing

The answer to the central question of this work, i.e., investigating the im-
pact of public aggregate wind forecast on market results, requires taking
an additional step where DA market is actually cleared by the market
operator based on producers offers and demand bids. Note that each
producer subjectively anticipates DA market-clearing, taking into con-
sideration the aggregate wind power forecast. However, the market is
actually cleared by the market operator based solely on producers wind
power offers, which are equal to their private wind power forecast. Price
offers for conventional generation at the equilibrium point, derived by the
model presented in Section 4.2.2, are also considered for market-clearing.
Therefore, the formulation of the DA market is given by (4.5) below:

Maximize
pGi,b,p

W
l ,p

D
d ,r

U
i ,r

D
i

∑
d∈D

λD
d p

D
d −

∑
i∈I

∑
b∈Bi

αG
i,b p

G
i,b (4.5a)

subject to:

(4.1e)− (4.1m) (4.5b)

0 ≤ pW
l ≤ Fl ∀l. (4.5c)
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Solve MPEC for each producer J : 

Solve each producer's MPEC 

sequentially. While solving MPEC for 
producer J, offering strategies of all rival 

producers are kept fixed. 
Strategy vector is updated with the 

solutions of all MPECs  and is the input 
of the next iteration.

𝑥 𝑐 − 𝑥(𝑐 − 1) < 𝜀
for all producers?

Equilibrium point is found

𝑐 = 𝑐𝑚𝑎𝑥?

𝑐 = 𝑐 + 1.

END

No equilibrium is found

Initialize iteration counter,  𝑐.
Set maximum number of iterations, 𝑐𝑚𝑎𝑥 . 

Set convergence tolerance, 𝜀.
Initialize price offering strategies, 𝑥 𝑐 , for 𝑐 = 1.

No

No

Yes
Yes

Figure 4.2: The iterative diagonalization approach to identify the equi-
librium point

Note that the results obtained from LL problem in model (4.1) and
those obtained from model (4.5) are not necessarily the same, though
their optimization structure is similar. In the LL problem of produc-
ers models, the market is cleared from the producer’s perspective based
on the available data for that producer, i.e., forecast for its own wind
power units and public aggregate wind forecast. However, model (4.5)
actually clears the market from market operator’s point of view consid-
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ering the price offers received from (4.1) and the private wind forecasts
of producers. Therefore, constraints (4.5b) are the same as LL prob-
lem (4.1e)-(4.1m) of each producer but LL constraints (4.1n) and (4.1o)
are now replaced by (4.5c) for all producers. In addition αG

i,b,∀i,∀b are
now parameters, derived from the equilibrium model presented in Section
4.2.4.

4.3 Case Study

4.3.1 Data

A single-hour case study based on the IEEE one-area reliability test sys-
tem [84] is considered. For the sake of simplicity, conventional units are
grouped by type. Each conventional unit offers at a quantity identi-
cal to its installed capacity, given in Table 4.1, and at a strategic price
that can differ from its marginal costs, which are presented in Table
4.2. Among eight producers competing in this case study, four of them,
namely producers j1, j2, j3 and j4, own wind power units in addition to
their conventional generation capacity. Each of those producers forecasts
its own wind power generation deterministically. The forecasted values
are listed in the last column of Table 4.1. Note that these individual fore-
casts are private data and are not shared with the rivals. The demand
levels and the corresponding bids are presented in Table 4.3, while the
factors defining the minimum reserve requirements are arbitrarily chosen
as γ = 0.05 and δ = 0.1.

Table 4.1: Technical Characteristics of Power Generation Units [MW]

Producer J with
generation
portfolio i and l

Conventional generation offers for
unit i and block b

Reserve
capacity
offers for
unit i

Wind power
forecast by
producer

P
G
i,b1 P

G
i,b2 P

G
i,b3 P

G
i,b4 R

D
i R

U
i Fl

j1 60.8 91.2 91.2 60.8 80 80 200
j2 75 75 90 60 75 75 350
j3 206.85 147.75 118.2 118.2 120 120 450
j4 12 18 18 12 0 0 400
j5 217 155 124 124 180 180 -
j6 200 200 240 160 80 80 -
j7 300 0 0 0 0 0 -
j8 140 87.5 52.5 70 80 80 -



4.3. CASE STUDY 107

Table 4.2: Marginal Costs of Conventional Units [e/MWh]

Producer J CG
i,b1 CG

i,b2 CG
i,b3 CG

i,b4

j1 11.46 11.96 21.67 22.72
j2 18.60 20.03 21.67 22.72
j3 19.20 20.32 21.22 22.13
j4 23.41 23.78 26.84 30.4
j5 9.92 10.25 10.68 11.26
j6 5.31 5.38 5.53 5.66
j7 2.00 - - -
j8 10.08 10.66 11.09 11.72

4.3.2 Results

In real-world markets, producers with wind power within their generation
portfolio usually make their offers to the market based on a determin-
istic forecast, which is privately generated and accessible. Undoubtedly,
the summation of these individual forecasts differs from the aggregate
forecast of the market operator. A special case, according to which the
summation of private individual wind forecasts equals the public aggre-
gate one, is used throughout this study as a reference. As described in
Section 4.2.3, under the context of this chapter this problem leads to
the same results with the producers knowing exactly the individual wind
forecasts of rivals. In this case, the public aggregate wind forecast is
1400 MW, which is equal to the summation of individual wind forecasts
reported in the last column of Table 4.1.

For the reference case, the strategic price offers of producers are de-
rived and presented in Table 4.4. Producers j1, j2, j5, j6 and j8 offer
their cheap generation blocks at zero price in order to get scheduled.
The energy price is e18.601/MWh as presented in Table 4.5. However,
the corresponding capacity prices for committed downward and upward
reserve are both zero. This is explained by the last two columns of Ta-
ble 4.6, where it is observed that producers j1, j2 and j3, j8 have still
additional available downward and upward reserve capacity, respectively.
Therefore, constraints (4.1f) and (4.1g), which enforce the minimum re-
serve requirements of the market, are not binding and the corresponding
dual variables are zero. Table 4.6 additionally presents producers total
profits for the reference case, as well as the scheduled power for each gen-
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Table 4.3: Demand Characteristics

Demand d Demand level [MW] Demand bid [e/MWh]

d1 550 65
d2 300 60
d3 500 55
d4 300 55
d5 200 52
d6 450 52
d7 500 50
d8 200 50
d9 300 50
d10 200 50

Total 3500 -

eration block of each producer. Note that each wind farm is scheduled in
DA market at a quantity equal to its owner’s wind power forecast. Those
results are used as a benchmark for comparison with the corresponding
results for different values of aggregate wind forecast.

Table 4.4: Strategic Price Offers at the Equilibrium Point for the Refer-
ence Case [e/MWh]

Producer J αG
i,b1 αG

i,b2 αG
i,b3 αG

i,b4

j1 0 18.600 18.601 18.602
j2 0 18.601 18.602 18.603
j3 18.601 18.602 18.603 18.604
j4 18.601 18.602 18.603 18.604
j5 0 0.001 0.002 18.600
j6 0 0.001 0.002 18.601
j7 18.600 - - -
j8 0 0.001 0.002 18.601

Table 4.5: Energy and Reserve Prices for the Reference Case

Price [e/MWh]

µU 0
µD 0
λDA 18.601
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Table 4.6: Schedules and Producers Profits at the Equilibrium Point for
the Reference Case

Producer
J

Profit
[e]

Scheduled power in DA for each
unit i and block b [MW]

Committed capacity
for reserves [MW]

pGi,1 pGi,2 pGi,3 pGi,4 rUi rDi
j1 4760 60.8 91.2 0 0 80 0
j2 6510 75.0 0 0 0 75 35
j3 8370 0 0 0 0 70 0
j4 7382 12.0 0 0 0 0 0
j5 5070 217.0 155.0 124.0 124.0 0 180
j6 8711 200.0 200.0 240.0 21.0 80 80
j7 4980 300.0 0 0 0 0 0
j8 2282 140.0 87.5 52.5 0 70 80

Based on model (4.1) we investigate the impact of deviations between
public aggregate wind forecast and the summation of private ones, on
market results and on producers profits. For this purpose we search the
equilibrium under different values of aggregate forecast, which may not
be equal to the one corresponding to the reference case. The problem is
solved for aggregate forecast that takes values in a wide range around the
reference case, which is used for comparison. More specifically, aggregate
forecast is considered to take different values between 900 MW and 1900
MW in 10-MW steps. Recall that the summation of private forecasts is
1400 MW (reference case). Note that for values of aggregate forecast for
which no equilibrium is found, there are no results to be presented.

Figure 4.3 shows energy and reserve prices at the equilibrium point
for different aggregate wind forecast values. It is observed that energy
price is zero for low values of aggregate forecast, i.e., below 1030 MW.
Then, following some small fluctuations, it stabilizes at e18.601/MWh.
Zero energy price for small values of aggregate wind forecast is explained
by producers price offers. More particularly, when the aggregate wind
forecast is low, the producers expect low wind power penetration in the
market based on their decision-making model (4.1). The producers do not
have information on rivals wind offers and, therefore, anticipate market
outcomes based on the available aggregate wind forecast. Thus, from
producers perspective, the expected low wind power penetration (low
aggregate forecast) indicates potentially high market-clearing price. This
motivates some producers to offer at zero price in order to get scheduled.
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However, it has the opposite result in terms of actual market outcomes.
Producers zero price offers along with the total wind power (which is
higher than producers anticipated) lead to zero market-clearing price.
Moreover, prices for committed downward reserve are always zero in this
study, which is explained by the fact that there is sufficient capacity
for downward reserve, without incurring extra cost. In other words, the
corresponding reserve requirement never changes the power schedule of
generators. However, prices for committed upward reserve can take non-
zero values, especially for values of aggregate forecast below and around
1400 MW.

Aggregate forecast [MW]
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Upward reserve price µU

Downward reserve price µD

Reference

Figure 4.3: Energy and reserve prices versus different aggregate wind
forecast values

From Fig. 4.4 it is observed that for small values of aggregate forecast,
profits of all producers are either zero or negative. This result is again
explained by the producers expectations for high energy prices, which
inevitably leads to the opposite results, i.e., zero prices, with the conse-
quent impact on producers profits. It should be noted that the producers
offers are derived from model (4.1) and are based on their available in-
formation. Accordingly, producers do not anticipate their profits to be
negative. For example, Fig. 4.5 shows that, apart from producer j7 (red



4.3. CASE STUDY 111

Aggregate forecast [MW]
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

×104

-1

-0.5

0

0.5

1

1.5

j1
j2
j3
j4
j5
j6
j7
j8
Reference

Figure 4.4: Producers profits versus different aggregate wind forecast
values

bars) who is not scheduled for aggregate forecasts below 1030 MW, all
other producers are scheduled in the DA market. As already discussed,
in the case of small aggregate forecasts, producers mostly offer their gen-
eration at zero price in order to get scheduled, expecting that the energy
price will actually be high. However, energy price is eventually zero, lead-
ing to negative profits for producers. Obviously, this is an unfavorable
result for the producers, which happened due to their decision-making
process that depends on public aggregate forecasts. This result can be
better understood by comparing models (4.1) and (4.5) of Sections 4.2.2
and 4.2.5, respectively. Producers anticipate market outcomes based on
their model that considers the public aggregate forecast, i.e., constraint
(4.1o), while the actual market is cleared based on wind offers, which
are fixed and equal to the individual wind forecasts of producers, i.e.,
constraint (4.5c).

In addition, social welfare is also affected by the level of aggregate
forecast. In Fig. 4.6, we present the social welfare calculated as the value
obtained for objective function (4.5a). Social welfare is not directly af-
fected by public aggregate forecast - which has a direct impact on the
producers decision-making model. In turn, producers strategic decisions,
i.e., price offers of conventional generation, have a direct impact on the
market-clearing results and, thus, on social welfare. Even though pro-



112
CHAPTER 4. IMPACT OF PUBLIC AGGREGATE WIND FORECASTS

ON ELECTRICITY MARKET OUTCOMES

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
0

500

1000

1500

2000

2500

Aggregate forecast [MW]

S
ch

ed
u

le
d

 C
o

n
ve

n
ti

o
n

al
 P

o
w

er
 [

M
W

]

 

 
j1
j2
j3
j4
j5
j6
j7
j8

Figure 4.5: Day-Ahead schedules of conventional generators versus dif-
ferent aggregate wind forecast values

ducers always offer their wind power generation based solely on their
private wind forecast, their price offers for conventional generation are
highly affected by the level of public aggregate forecast, with consequent
impact on market-clearing outcomes and social welfare. In line with the
previous description, low values of aggregate forecast lead to low price
offers from producers and, therefore, cheaper energy is scheduled in the
market. Consequently, social welfare is increased for low aggregate wind
forecast. Likewise, higher values of aggregate forecast lead to lower social
welfare, caused by comparatively high price offers.

For further clarity, the supply-demand curves for some cases of spe-
cific interest are presented in Fig. 4.7. As described earlier, the wind
power offers are always equal to the producers individual forecasts at
zero price. However, price offers for conventional generators are differ-
ent, derived from model (4.1), which depends on the level of aggregate
wind forecast. Hence, one can see that the price offers at FMO=1030
MW lead to zero energy price while in cases of FMO=1400 MW and
FMO=1500 MW energy price is e18.601/MWh. The case of FMO=1200
MW is of specific interest given that the upward reserve constraint is
active. Therefore, even though the supply-demand curve sets the energy
price at e11.26/MWh, which is the marginal producer’s price offer (see
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Figure 4.6: Social welfare of the market versus different aggregate wind
forecast values
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Figure 4.7: Supply-demand curves versus different aggregate wind fore-
cast values

point in circle in Fig. 4.7), the actual energy price derived from model
(4.5) is e19.20/MWh, being the summation of marginal price offer and
the corresponding price for upward reserve. This condition illustrates
the coupling between DA energy and reserve auctions, as introduced by
constraints (4.4k) and (4.4l).
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4.3.3 Uncertainty of Wind Forecasts and Real-Time Prices

In the previous paragraphs we have focused on a DA market setup only.
However, it is of further interest to investigate the validity of the afore-
mentioned results based on a case study accommodating a certain degree
of uncertainty stemming from the RT market stage. Indeed, considering
the uncertainty of wind power generation along with the anticipation of
the RT market prices can enable the derivation of advanced strategies for
wind power producers, avoiding additional costs due to forecast errors in
the RT stage. Using as a basis the presented models, we will additionally
investigate the equilibrium of the market under a number of scenarios for
the RT wind power generation as well as the RT prices, following the ap-
proach of [72]. According to the above, model (4.1) is transformed into
the new model (4.6), the formulation of which is presented below:{

Maximize
αG
i,b, p

W,RT
l,ω , ΞLL,P ∪ ΞLL,D∑

i∈IJ

∑
b∈Bi

(λDA − CG
i,b) p

G
i,b +

∑
l∈WJ

(λDA pW
l )

+
∑
i∈IJ

(µU rU
i + µD rD

i )−
∑
ω∈Ω

πω
∑
s∈S

πλs

[ ∑
l∈WJ

λRT
s pW,RT

l,ω

]
(4.6a)

subject to:

(4.1b)− (4.1c) (4.6b)

PW,P
l,ω + pW,RT

l,ω = pW
l ∀l ∈ WJ ,∀ω (4.6c)

where λDA, pW
l and pG

i,b ∀i ∈ IJ ,
∀l ∈ WJ , ∀b ∈ arg

{
maximize

ΞLL,P

∑
d∈D

λD
d p

D
d −

∑
i∈I

∑
b∈Bi

αG
i,b p

G
i,b (4.6d)

subject to:

(4.1e)− (4.1o)
}

(4.6e)}
∀J,
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where constraint (4.6c) ensures that the power imbalance due to the dif-
ference between the DA scheduled wind power and the actual generated
one under scenario ω, is adjusted in RT by the traded RT wind power.
A positive value of pW,RT

l,ω indicates that wind power production is lower
than the scheduled one in DA market, incurring an additional cost for the
producer. Lastly, we assume that wind power producers are price-takers
in the RT market and, thus, they do not strategically affect RT prices,
similarly to [72].

The input data for this numerical case study are presented in Tables
4.7 and 4.8, defining three scenarios for each source of uncertainty. Note
that the deterministic forecast used in the previous sections, is equal to
the expected values of the three wind scenarios. Furthermore, similarly
to [72], we assume that wind power producers are price-takers in the RT
market and, thus, they do not affect RT prices.

Table 4.7: Scenarios for Wind Power Generation (PW,P
l,ω ) [MW]

ω1 ω2 ω3

πω 0.2 0.3 0.5

j1 160 250 186

j2 260 320 404

j3 400 430 482

j4 320 380 444

j5...j8 - - -

Table 4.8: Scenarios for Real-Time Prices [e/MWh]

s1 s2 s3

πλs
1
3

1
3

1
3

λRT
s 10 20 30

Following the same presentation as before, we present the two most
interesting figures, i.e, social welfare and producers profits for various
levels of aggregate forecasts. In Fig. 4.8, a similar trend with the analysis
of Section 4.3.2 is observed. Social welfare is comparatively lower for
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greater values of aggregate forecasts. However, the possibility of having
high RT prices may weaken the aforementioned decreasing profile of social
welfare. Finally, Fig. 4.9 is similar to Fig. 4.4 of the DA-only study, where
it is observed that for very small values of aggregate forecasts producers
may earn zero or even negative profits. The interpretation of this outcome
is already presented in detail in Section 4.3.2.
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Figure 4.8: Social welfare of the market versus different aggregate wind
forecast values considering uncertainty in wind power generation and
real-time prices

4.3.4 Computational Performance

This subsection offers an insight to the computational needs of this case
study. For the simulations of this chapter we have used CPLEX under
GAMS associated with Matlab R2015b on a Windows 8.1, 64-bit oper-
ating system with 2 cores processor, running at 2.4 GHz and 12 GB of
RAM. The total computational time for the whole case study was 720
s. Furthermore, for the cases where equilibrium was found (82 out of
101) it took less than 5 iterations to find the equilibrium. The compu-
tational time depends highly on whether an equilibrium is found or if
the process terminates after maximum number of iterations, the latter
requiring more time. The convergence tolerance was set at ε = 0.3 and
the maximum number of iterations cmax = 10. In this chapter, we use an
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Figure 4.9: Producers profits versus different aggregate wind forecast
values considering uncertainty in wind power generation and real-time
prices

iterative diagonalization approach, which is simple but at the risk of not
converging in the predefined number of iterations. One sort of alterna-
tives is to augment the current diagonalization technique by increasing
the number of iterations and/or providing different starting points. An-
other alternative is to use non-iterative equilibrium solution techniques
where applicable (e.g., in [70]), but at the cost of increased complexity.
Lastly, the setup that was chosen for this study allows us to get an insight
into the role of public aggregate forecasts in electricity markets without
constructing a complicated tool.

4.4 Summary and Conclusions

An increasing interest towards transparency and competitiveness in en-
ergy markets has led to decisions and directives for the publication of
various market-related information. To this end, system operators in-
vest in generating and publishing qualitative market data, including ag-
gregate wind power forecast, envisioning an improved and transparent
market operation. In the presence of a public aggregate wind forecast,
participating producers may consider this information in their decision-
making tool. This chapter uses a complementarity model that provides
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producers with the strategic price offers for their conventional genera-
tion, while wind power is offered at zero price based on an individual
forecast. The main scope of the study is, by using the aforementioned
model, to investigate how the availability of public aggregate forecasts
can affect electricity market outcomes. To this end, we considered mul-
tiple strategic producers and described the market as a non-cooperative
game, whose equilibrium is identified through an iterative diagonalization
technique.

The results of this equilibrium study lead to a number of interesting
conclusions that contribute to a better understanding of the impact of
available aggregate wind power forecasts on the electricity market out-
comes:

1. Market-clearing prices (energy and reserve) could be significantly
affected by the public aggregate wind forecast. More precisely, the
under-forecast of aggregate wind power leads to comparatively low
or even zero energy prices. Producers expect high prices due to
decreased wind power penetration and thus make low price offers
for a portion of their generation portfolio in order to get scheduled.

2. In view of the above, social welfare is also affected. Low price offers
inevitably impact social welfare, which increases accordingly. The
opposite effect is observed for aggregate forecasts of greater values
than the reference, i.e., social welfare decreases.

3. As anticipated, energy prices affect producers profits as well. For
small values of aggregate forecast, producers profits are very low
and in some cases even negative. Producers offer their power in
lower -than the corresponding generation cost- prices, mislead by
the aggregate forecast causing them negative instead of positive
profits. Note that cost-recovery is not guaranteed in a market with
strategic behaviors.

4. Similar outcomes are observed when uncertainty around wind fore-
casts as well as RT prices is considered. Social welfare is compara-
tively lower for greater values of aggregate forecasts. However, the
possibility of having high RT prices may weaken the aforementioned
decreasing profile of social welfare.
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Under such a setup, it is evident that the level of public aggregate
forecast can indeed misguide producers strategic behaviour. In turn, this
has a major impact on social welfare, which is considerably decreased
or increased, for over- or under-forecasts. To this end, note that this
observation should not be considered in isolation from the main assump-
tions that wind power producers have market power and, additionally,
they consider the public aggregate forecast in their decision-making tool.
Lastly, the motivation of this study is based on the likely situation where
deviations in public aggregate forecast are the result of forecast errors
and not the result of a potential strategy from the system operator’s
side. Besides, the initiative of publishing this information is taken on the
grounds of increased market transparency.

4.5 Future Perspectives

The outcomes of this study contribute towards the discussion on the im-
portance of sharing and publishing wind power forecasts on the benefit of
market operation, initially discussed in Chapter 2. Favored by ambitious
plans for high quality market-related data, it is strongly believed that un-
derstanding the role of forecast information and their status, being public
or private, can have a crucial impact on electricity market functioning. To
this end, it is highly relevant to account for incentive-compatible mech-
anisms, such as mechanism design [121] or consensus-based distributed
market-clearing [64], which can elicit truthful decisions from market par-
ties, increasing the transparency of the electricity market. Under this
context, an incentive-compatible mechanism is thoroughly investigated
and compared against the LMP market-clearing mechanism in Chapter
5.

Lastly, in this work wind power was offered deterministically to the
market based on a forecast, even though uncertainty around forecasts and
RT prices was additionally considered. It is of future interest to investi-
gate how aggregate forecasts would impact the results under a stochastic
two-stage market setup, similar to the ones presented in Chapters 2 and
3, where DA and RT markets are co-optimized to improve market oper-
ation under uncertainty.
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Chapter 5

An Efficient and Incentive-Compatible
Two-Stage Stochastic Market with High Wind
Power Penetration

5.1 Introduction

In the previous chapters, we have investigated imperfectly competitive
markets, which are vulnerable to strategic behaviors. Under such setups
there exist market agents, in particular power producers, that have the
capacity to exercise market power and alter market-clearing outcomes for
their own benefit. This can eventually decrease social welfare, increase
prices and, thus, pose a negative impact on market efficiency. Moti-
vated by this drawback of traditional market mechanisms, we investigate
in this chapter a different payment scheme, which has the capacity to
eliminate producers market power. The payment scheme is based on
the mechanism design theory and more specifically the Vickrey-Clarke-
Groves (VCG) auction. In the following sections we perform a literature
survey on market power in electricity markets and then present the rel-
evant research on incentive-compatible mechanisms. A novel application
of the VCG auction in a two-stage stochastic market is explored and ex-
tensively compared to the corresponding traditional market structure un-
der both competitive and strategic settings. In this chapter, we consider
a stochastic LMP market mechanism, which is similar to the market-
clearing models presented in Chapters 2 and 3 but additionally accounts
for transmission network constraints. The VCG and LMP mechanisms
are compared for increasing levels of wind power penetration and for both
network-constrained and unconstrained market. Finally, we quantify the

123
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budget deficit that VCG may lead to and explore a potential solution for
partially recovering it, based on the economics research literature.

5.1.1 Motivation

A competitive market can be defined as the market where the large num-
ber of participating firms selling a homogeneous commodity along with
the small individual share of each firm, lead to a setup where no individ-
ual firm is able to influence appreciably the commodity price by varying
the quantity of output it sells [122]. Under such a context, market price
is turned into a parameter that cannot be controlled by any of the market
agents. However, in order to consider a market as perfectly competitive
there is an important assumption to be made; each agent should have all
the information needed to maintain the equilibrium position with respect
to prices. Naturally, though, market agents will more likely conceive any
information-asset they might have as a potential strategic advantage,
rather than an information that they will willingly share. In previous
chapters we have explored cases where private or, even, shared informa-
tion can be used by power producers in order to exercise market power.
This has consequent negative impacts on social welfare and market effi-
ciency. Motivated by this increasing value of information in electricity
markets, we explore in this chapter an incentive-compatible mechanism
that induces truthful information from market participants. More specif-
ically, VCG motivates market agents (both producers and consumers) to
be truthful with respect to their generation offers or demand bids with-
out, however, having to publicly reveal private information. The evalu-
ated mechanism, i.e., VCG auction, is adapted to a two-stage stochas-
tic electricity market and evaluated versus the corresponding stochastic
market mechanism, seen in previous chapters 2 and 3, exploring both the
advantages and disadvantages of each mechanism for increasing penetra-
tion of wind power. As VCG may lead to budget deficit, we quantify it
in a network-constrained market and research a partial recovery of the
negative budget imbalance, based on an approach that does not affect
incentive-compatibility and efficiency [41].
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5.1.2 Literature Review and Contributions

The last three decades, power system operation and consequently elec-
tricity markets have changed drastically. From state-owned entities,
power systems have reformed following a deregulated structure, that has
a specific interest in electricity markets. The results of this transforma-
tion is the appearance of electricity pools worldwide, which are entrusted
to support equal access to the market of any willing agent, either pro-
ducer or consumer, under the same transparent rules. The main purpose
of restructuring electricity markets is to increase competition which is ex-
pected to lead in decreasing electricity prices and increased social welfare.
Even though the implementation of the market design principles varies
from region to region, successful operation of electricity markets aims at
satisfying some common criteria, namely (i) power system reliability, (ii)
market transparency, (iii) revenue-adequacy, (iv) cost-recovery and (v)
efficiency, which are described in detail in Chapter 1. Thus, a market
mechanism should ensure accordingly that supply meets demand, rules
and conditions of the market are transparent, market operator does not
face deficit, agents operational costs are reimbursed and, finally, maxi-
mum efficiency is achieved. However, it is impossible to guarantee all the
aforementioned properties in a market design. Myerson and Satterth-
waite in [40] showed a conflict between efficiency, individual rationality
(equivalent to cost-recovery) and budget balance (equivalent to zero bud-
get imbalance of market) building on the Hurwicz Impossibility Theorem
[39], which states that: “No mechanism is capable of achieving individual
rationality, efficiency, and budget balance at the same time for general
valuation functions, even if solution is loosened to refer to Bayes-Nash
equilibrium∗”.

Practically, under the concept of an electricity market as presented in
Chapter 1, the aforementioned impossibility theorem could be adapted by
saying that there can be no electricity pool that ensures: (i) cost-recovery:
agents are not facing loses due to their participation to the market, (ii)
efficiency: social welfare is maximized and (iii) revenue-adequacy: market
revenue is enough to cover operational and transmission costs, i.e., there

∗Dominant strategy incentive-compatibility refers to the condition where each
agent is induced to tell the truth whatever the other agents report. This constraint
is more stringent than the corresponding under a Bayes-Nash implementation, where
reporting the truth is dominant strategy only in expectation [29].
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is no budget deficit.

Elaborating more on efficiency, in LMP markets it can only be max-
imized if market participants are truthful with respect to their costs,
meaning that producers are price-takers. In practice, this assumption
does not usually hold and electricity markets are challenged by the pres-
ence of strategic producers [123], which may offer at prices different
than their actual production costs in order to increase market prices.
Thus, an ever increasing number of researchers have been studying mar-
ket power in electricity markets, a concept under which market agents
submit different offers in order to change market results for their own
benefit. Initial research efforts focused on the concepts of Cournot
and Stackelberg games, as in papers [124, 125, 126, 127, 128, 129] and
[130, 131, 132, 133, 134, 135], respectively, where the investigated markets
include firms that exercise market power and firms that are price-takers,
distinguished as leaders and followers, respectively. Extending this to a
market where all firms are price-makers, [136] presented a mixed-integer
linear programming (MILP) solution for finding the Nash equilibrium
in a strategic bidding setup and [137] explored an iterative approach
for finding multiperiod Nash Equilibria in short-term electricity mar-
kets with strategic producers. Considering the increasing penetration of
wind power in imperfectly competitive markets, the focus of more recent
research efforts was put on the problem of optimal trading or market-
clearing under high wind power uncertainty, with some of the studies ad-
ditionally coping with the problem of strategically trading wind power.
Under this context, papers [71, 72, 74] explored the problem of optimal
wind power trading in electricity pools, while [62, 70, 75, 119, 138] in-
vestigated equilibria in electricity markets with high penetration of wind
power under different conditions.

Albeit game theory offers a comprehensive insight into the operation
of imperfectly competitive markets, it is subject to weak assumptions
with respect to information availability. Reasonably, strategic agents in
real markets are not willing to reveal their private information, since in
such a case their market power may decrease. Thus, game theory is only
a tool for understanding those behaviors and not for solving the problem
of market design under the presence of strategic producers. The problem
of designing a market based on some specified principles and properties
is the topic of an other branch of economics, namely the mechanism
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design theory. In fact, mechanism design is a theory closely-related to
game theory which attempts to implement desired choices in a strategic
setting where interested parties are self-interested. Such a strategic de-
sign is necessary since the preferences of participants are private and the
assumption of complete information knowledge does not hold in prac-
tice. In mechanism design, VCG is a truthful mechanism for achieving
a socially optimal solution, being a generalization of the VCG auction
[42, 43, 44]. The VCG mechanism is incentive-compatible, individual
rational and efficient but it does not guarantee budget balance. This
is explained by the aforementioned Myerson and Satterthwaite theorem
[40], which attracted increased attention due to its importance in most
markets. Under this context, a lot of research works in economics litera-
ture focused on this problem, including the proposed d’AGVA mechanism
[139] for achieving budget balance under a Bayesian (and not dominant-
strategy) equilibrium and the proposed solution in [140] which ensures
budget balance but at the cost of market efficiency. In the same vein,
in [141], the author suggests a budget imbalance redistribution mecha-
nism that is efficient and achieves budget balance in expectation, while
in [41] the author characterizes the extent to which budget balance can
be approximated in dominant strategies, without affecting the rest of the
VCG properties.

Focusing on electricity markets, mechanism design applications are
investigated in recent research studies. In [142], authors propose a mar-
ket design that achieves efficiency in spite of the missing information
problem, ensuring incentive-compatibility and cost-recovery. The basic
idea of the aforementioned research is that producers payments are di-
vided into two parts, one being the cost-compensation and the other one
being an information payment, which is specifically designed to elicit
truthful marginal costs from producers. However, the study does not
ensure that payments to producers are minimized, due to the nature of
the aforementioned dual payment scheme. Authors in [143] investigate
the VCG auction for supply and demand bidding in an energy market
with conventional producers to motivate truthful bidding. Advantages
and shortcomings of VCG are then explored without, however, consid-
ering the impact of potential wind power uncertainty as well as the im-
pact of imperfect competition that appears in LMP markets. In [144],
an incentive-compatible mechanism is proposed, where market operator
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makes a generation payment as well as a transfer payment to produc-
ers, with the latter one aiming in ex-post recovering the resulting budget
deficit. However, maximum market efficiency is not guaranteed due to
the ex-post transfer payment, network constraints are not taken into con-
sideration and the impact of wind power uncertainty is not investigated.
To this end, [145] introduces an incentive-compatible pool-based mar-
ket design based on a Bayesian approach in order to cope with some of
the aforementioned shortcomings. In this study authors design a mech-
anism that satisfies incentive-compatibility, cost-recovery and payment-
cost minimization but assumes that there exists prior common knowledge
of the probability distribution over possible values of producers individ-
ual costs. Furthermore, it does not guarantee maximum efficiency nor
does it account for wind power uncertainty. Finally, recent research [146]
applies the VCG mechanism to wholesale electricity markets considering
wind uncertainty, without however anticipating the RT market opera-
tion. The study also compares VCG to a competitive LMP market setup
but it does not compare it with an imperfectly competitive market. With
respect to the resulting budget deficit, authors suggest an ex-post case-
specific recovering solution of the negative budget imbalance, without
however further exploring it.

Under this context, this chapter aims in deeper exploring the VCG
mechanism in electricity markets with high penetration of wind power,
and to cope with some of the aforementioned weaknesses. To this end,
the contribution of this chapter is manifold and, more specifically, it aims
at:

1. proposing a VCG model for a two-stage stochastic market, where
the first stage is the DA market-clearing and the second is the
expected RT power adjustments based on a set of wind power sce-
narios,

2. comprehensively comparing the proposed mechanism with the cor-
responding LMP mechanism under perfect and imperfect competi-
tion for increasing levels of wind power penetration,

3. evaluating the results from both producers and demands view-
points, i.e., producers profits and demands payments, respectively,
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4. evaluating the impact of congestion in the transmission network
and comparing the results with market-clearing excluding the
transmission constraints,

5. and, finally, suggesting a solution scheme for partially recovering
the negative budget imbalance of the market under VCG.

5.1.3 Chapter Organization

The remainder of the chapter is organized as follows: Section 5.2 presents
the mathematical formulation of the investigated market models. Section
5.3 consists of two parts: (i) a case study considering a single wind power
producer and no transmission constraints, and (ii) a large-scale case study
considering multiple wind power producers and a network-constrained
market. Finally, Section 5.4 concludes the chapter.

5.2 Mathematical Formulation

Notation:

Sets:

I Set of all conventional units

IJ Set of conventional units belonging only to producer J

I−J Set of conventional units excluding the ones belonging to
producer J

D Set of all demands

D−C Set of demands excluding consumer C

W Set of all wind power units

W−L Set of wind power units excluding the ones belonging to
wind producer L

Λ Set of transmission lines

MI Mapping of the set of conventional units into the set of
buses
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MD Mapping of the set of demands into the set of buses

MW Mapping of the set of wind power units into the set of buses

S Set of wind power scenarios

Indices:

s Index for scenarios of the wind power forecast

i/j Indices for conventional units

d Index for demands

l Index for wind power units

n/m Indices for system buses

DA Variables:

δDA
n Voltage angle at node n [rad]

αG
i Offer price of strategic conventional power unit i [e/MWh]

λDA
n DA market-clearing price at system node n [e/MWh]

pG
i DA dispatch of conventional power unit i [MW]

pW
l DA dispatch of wind power unit l [MW]

RT Variables:

δRT
n,s Voltage angle at node n under scenario s [rad]

λRT
n,s Probability-weighted RT market-clearing price at system

node n under scenario s [e/MWh]

pspill
l,s Wind power spillage of wind power unit l under scenario s

[MW]

rU
i,s Upward power adjustment of conventional unit i in RT un-

der scenario s [MW]
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rD
i,s Downward power adjustment of conventional unit i in RT

under scenario s [MW]

lshd,s Involuntarily load shedding of demand d under scenario s
[MW]

Parameters:

Bn,m Value of the susceptance of line (n,m) [p.u.]

Fmax
n,m Capacity of line (n,m) [MW]

P
D

d Quantity bid of demand d [MW]

P
G

i Quantity offer of conventional power unit i [MW]

PW,F
l,s Wind power forecast of wind power unit l under scenario s

[MW]

λG
i Operational cost of conventional power unit i [e/MWh]

λD
d Price bid of demand d [e/MWh]

λU
i Operational cost of conventional power unit i for providing

upward reserve in RT [e/MWh]

λD
i Operational cost of conventional power unit i for providing

downward reserve in RT [e/MWh]

πs Probability of scenario s

RU
i Upward reserve capacity of conventional power unit i [MW]

RD
i Downward reserve capacity of conventional power unit i

[MW]

V sh
d Value of lost load for demand d [e/MWh]

P
W

l Installed capacity of wind power unit l [MW]
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This section is divided into four parts: Section 5.2.1 presents the main
features and assumptions of the models used in this chapter. Section 5.2.2
introduces the formulation of the stochastic LMP market model, which
defines optimal DA dispatch anticipating the RT market, assuming that
all market agents are price-takers. Then, in Section 5.2.3 the formula-
tion of an LMP market setup is extended into a non-cooperative game of
strategic power producers, which compete assuming perfect information
knowledge. An iterative diagonalization approach is then used to deter-
mine the equilibrium of their strategic decisions. The formulation of the
VCG payment scheme is, finally, presented in Section 5.2.4, including a
solution for partially recovering budget imbalance under VCG.

5.2.1 Features and Assumptions

Under the scope of this study, a number of necessary assumptions are
made, which are presented hereafter:

1. For all the models presented in this section a stochastic two-stage
DA market is considered in order to better capture the uncertainty
of wind power generation [28, 61].

2. “Competitive Model”: Section 5.2.2, presents the case of a perfectly
competitive electricity market. In the corresponding model, par-
ticipants are considered to be price-takers and submit their true
costs/utilities to the market operator, who clears the market ac-
cordingly. This is an ideal model which is used in this study as a
benchmark.

3. “Strategic Model”: Section 5.2.3, refers to a market with strategic
producers, i.e., price-makers. Under this context, an iterative di-
agonalization approach is followed, similarly to Chapter 4, in order
to define the equilibrium of the market with respect to the strate-
gic offers of producers. Then, market operator clears the market
based on offers and bids at the equilibrium. Producers under this
model behave strategically with respect to price offers of conven-
tional generation [69, 70], but not regarding quantities and their
wind generation.
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4. “VCG Model”: Section 5.2.4, presents a mechanism based on the
VCG auction theory, i.e., each producer is paid and each consumer
is charged proportionally to the impact it has on social welfare,
making truthful market participation its dominant strategy, i.e.,
regardless of what any other agents do, the strategy earns the agent
the largest payment. Under this model, economic dispatch is de-
fined similarly to the LMP model in order to ensure maximum mar-
ket efficiency. On the other hand, payments are made differently
based on the VCG payment scheme.

5. All aforementioned models are solved both without considering net-
work constraints, as in [70, 71, 73], and with enforcing transmission
network constraints, following a lossless DC optimal power flow
approach (see Appendix C) which is a reasonable assumption in
transmission networks, as for example in [28, 72, 75].

6. Inter-temporal constraints, e.g., ramping limits of conventional
units, are not enforced and thus a single-hour auction is considered,
which is consistent with the relevant literature [70, 71, 74, 75].

7. Being consistent with the previous chapters, the operational cost
of wind power producers is considered zero, as it is customary in
the technical literature, e.g., [20, 21, 22, 23, 24]. In some realis-
tic electricity markets, this cost is even negative due to renewable
incentives [25].

8. Finally, demand is considered to be deterministic in order to avoid
additional sources of uncertainty and demand price bids are high
enough so that demand is, to a certain degree, inelastic.

The aforementioned setup and models are illustrated in Fig. 5.1
and 5.2. Figure 5.1 describes the strategic model. Similar to the pre-
vious Chapter 4, we consider a market with multiple strategic producers,
i.e., they anticipate the DA market-clearing procedure in their decision-
making model based on the available information. A game of complete in-
formation is considered, where all strategic producers have perfect knowl-
edge of their rivals price offers to the market. Additionally to this infor-
mation, all producers have access to the same wind power forecast for
the wind power plants. For the sake of simplicity, wind power producers
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DA Market-Clearing
(24h in advance)

DA

RT

DA

RT

Market-Clearing

Strategic price 
offers of 

conventional 
producers to the 

DA market at 
equilibrium

Game with complete information 
among strategic producers

DA

RT

DA

RT

Figure 5.1: Illustrative representation of the market setup under the
strategic model of Chapter 5

are not considered strategic in this study. The output of the game is the
strategic price offers of conventional power producers at the equilibrium.
Then, the DA market is cleared based on the price offers as well as the
quantity offers of producers and the same wind power scenarios which
are assumed to be common knowledge. Note that similarly to Chapters
2 and 3, a stochastic two-stage DA market is considered, which antici-
pates the operation of the RT market based on the available wind power
scenarios. On the other hand, Fig. 5.2 describes the competitive and
VCG models. As described by the illustration, strategic offering is not
considered in these models. On the one hand, under the competitive
model producers are assumed to behave competitively and not exercise
market power. On the other hand, as it will be proved later on, under
VCG model producers dominant strategy is to be truthful with respect
to their offers. Thus, the two models refer to the same market-clearing
setup, even though in the first one perfect competition is an assumption,
while in the latter is producers dominant strategy.
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DA Market-Clearing
(24h in advance)

DA

RT

DA

RT

Market-Clearing

Figure 5.2: Illustrative representation of the market setup under the
competitive and VCG models of Chapter 5

5.2.2 Competitive Model: Perfectly Competitive Market

We first explore the case of a perfectly competitive market, where all
market participants are price-takers. The market-clearing model is for-
mulated as a two-stage stochastic optimization model, similarly to [28],
which is solved in the DA and consists of a DA stage and a RT stage
based on a set of wind power scenarios that are generated from an avail-
able DA wind power forecast. The DA stage is cleared, while adapting
the foreseen RT scenarios, i.e., DA stage anticipates the impacts of DA
schedules on future RT adjustments, and therefore, on final expected
social welfare (social welfare in DA and expected social welfare in RT).
The two-stage model is described in more details in Chapter 1. The ob-
jective of the optimization problem is to maximize the expected social
welfare. By convention, the standard form of an optimization problem
defines a minimization problem and, thus, for illustration reasons the
objective function is replaced by its equivalent objective of minimizing
the negative expected social welfare. The market-clearing formulation,
considering transmission network constraints, is presented below:
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Minimize
ΞP∑

i∈I

λG
i pG

i −
∑
d∈D

λD
d p

D
d +

∑
s∈S

πs

[∑
i∈I

(
λU
i r

U
i,s − λD

i r
D
i,s

)
+
∑
d∈D

V sh
d lshd,s

]
(5.1a)

Objective function (5.1a) represents the negative expected social welfare
to be minimized. The first term is the aggregate generation cost and the
second is the aggregate demands utility in the DA stage, while the third
term refers to the RT market and consists of expected generation-side
costs as well as load shedding costs in RT.

Objective function (5.1a) is subject to the following constraints:∑
d:(d,n)∈MD

pD
d −

∑
i:(i,n)∈MI

pG
i −

∑
l:(l,n)∈MW

pW
l

+
∑

m:(n,m)∈Λ

Bn,m(δDA
n − δDA

m ) = 0 : λDA
n ∀n (5.1b)

Constraint (5.1b) imposes the power balance in DA per node, whose dual
variable, i.e., λDA

n , provides the DA market-clearing price for each node.
The term

∑
m:(n,m)∈ΛBn,m(δDA

n −δDA
m ) refers to the active power flow from

node n to node m (see Appendix C for the corresponding descriptions).

∑
i:(i,n)∈MI

(
rD
i,s − rU

i,s

)
−

∑
l:(l,n)∈MW

(PW,F
l,s − pW

l − p
spill
l,s )−

∑
d:(d,n)∈MD

lshd,s

+
∑

m:(n,m)∈Λ

Bn,m(δDA
n + δRT

m,s − δDA
m − δRT

n,s) = 0 : λRT
n,s ∀n,∀s

(5.1c)

Constraint (5.1c) imposes the power balance in RT adjusting the energy
imbalance by power adjustments of conventional generators, wind power
spillage and load shedding. Its corresponding dual variable, i.e., λRT

n,s,
provides the probability-weighted RT market-clearing price for each node
and scenario.
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0 ≤ pG
i ≤ P

G

i : φ
i
, φi ∀i (5.1d)

0 ≤ pD
d ≤ P

D

d : ψ
d
, ψd ∀d (5.1e)

0 ≤ pW
l ≤ P

W

l : σl, σl ∀l (5.1f)

Constraints (5.1d) - (5.1f) bind the DA schedule of conventional units,
demands and wind producers based on their maximum quantity offers.

0 ≤ pspill
l,s ≤ PW,F

l,s : τ l,s, τ l,s ∀l,∀s (5.1g)

Constraint (5.1g) implies that wind power spillage should be equal to or
lower than the wind power realization.

0 ≤ lshd,s ≤ pD
d : ξ

d,s
, ξd,s ∀d,∀s (5.1h)

Constraint (5.1h) restricts the load shedding quantity by the demands
schedules.

0 ≤ rD
i,s ≤ RD

i : ρD

i,s
, ρD

i,s ∀i, ∀s (5.1i)

0 ≤ rU
i,s ≤ RU

i : ρU

i,s
, ρU

i,s ∀i,∀s (5.1j)

rU
i,s ≤

(
P

G

i − pG
i

)
: µU

i,s
, µU

i,s ∀i,∀s (5.1k)

rD
i,s ≤ pG

i : µD

i,s
, µD

i,s ∀i,∀s (5.1l)

Constraints (5.1i)-(5.1j) bind power adjustments in RT by the upward
and downward reserve capacities. Additionally, constraints (5.1k)-(5.1l)
bind power adjustments in RT accounting for the available conventional
generation capacity following DA power dispatch. Thus, upward power
adjustments for conventional generators cannot be greater than the re-
maining power capacity after deducting DA scheduled power and, simi-
larly, downward power adjustments cannot be greater than the DA sched-
uled power.
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Bn,m(δDA
n − δDA

m ) ≤ Fmax
n,m : εDA

n,m ∀(n,m) ∈ Λ (5.1m)

Bn,m(δRT
n,s − δRT

m,s) ≤ Fmax
n,m : εRT

n,m,s ∀(n,m) ∈ Λ,∀s (5.1n)

− π ≤ δDA
n ≤ π : γDA

n
, γDA

n ∀n (5.1o)

− π ≤ δRT
n,s ≤ π : γRT

n,s
, γRT

n,s ∀n,∀s (5.1p)

δDA
n=1 = 0 : γDA (5.1q)

δRT
n=1,s = 0 : γRT

s ∀s. (5.1r)

Constraints (5.1m)-(5.1n) restrict the power flow in transmission lines by
the maximum capacity of the line, while constraints (5.1o)-(5.1r) restrict
maximum and minimum values of the voltage angles and set node n=1
as reference node.

Some of the aforementioned constraints may refer exclusively to either
the DA or the RT stage of the two-stage programming model, but some
also link the DA and RT stages. More specifically, constraints (5.1b),
(5.1d)-(5.1f), (5.1m), (5.1o) and (5.1q) are associated with the DA stage
of the two-stage optimization problem, while (5.1g), (5.1h), (5.1i), (5.1j),
(5.1n), (5.1p) and (5.1r) are associated with the RT stage. The power
balance equation in RT, i.e., (5.1c), apart from the RT variables, also
involves DA variables pW

l and δDA
n . Also, constraints (5.1k) and (5.1l),

which refer to the upper bounds of the reserves in RT, depend on the DA
schedules pG

i . Thus, constraints (5.1c), (5.1k) and (5.1l) link the DA and
RT stages, highlighting the need for a two-stage programming solution.

In case we neglect transmission network, aforementioned constraints
as well as the terms related to power flows through the lines in the
power balance equations (5.1b) and (5.1c) are not considered, leading
to a market-clearing solution for the whole system and a single market-
clearing price, as in Chapters 2 and 3.

Finally, ΞP = {pG
i , pW

l , rU
i,s, rD

i,s, lshd,s, pspill
l,s , pD

d , δDA
n , δRT

n,s} is

the set of primal variables and ΞD = {λDA
n , λRT

n,s, φi, φi, ψd, ψd, σl, σl,

τ l,s, τ l,s, ξd,s, ξd,s, ρ
D
i,s
, ρD

i,s, ρ
U
i,s
, ρU

i,s, µ
U
i,s
, µU

i,s, µ
D
i,s
, µD

i,s, ε
DA
n,m, ε

RT
n,m,s, γ

DA
n
, γDA

n ,

γRT
n,s
, γRT

n,s, γ
DA, γRT

s } is the set of the dual variables of optimization prob-

lem (5.1).
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5.2.3 Strategic Model: Imperfectly Competitive Market

The market mechanism of Section 5.2.2 is efficient, ensures cost-recovery
and revenue-adequacy in expectation [28] but does not guarantee that
market participants will remain price-takers and will not exercise market
power. In this subsection, we investigate an LMP market setup which,
being more consistent to real markets, additionally considers strategic
producers. Under such a context, we consider an imperfectly competitive
market and we search for the market equilibrium through the iterative
diagonalization approach presented in Chapter 4. Each conventional pro-
ducer’s decision-making model is described by bilevel model (5.2) below.

The upper-level (UL) objective function maximizes the profit of pro-
ducer J , and consists of:

• Producer’s profit due to conventional generation after deducting
the generation costs in DA stage, i.e.,

∑
i∈IJ (λDA

(n:i∈MI) − λG
i ) pG

i .

• Associated profits for providing power adjustments in RT stage, i.e.,∑
s∈S πs

[∑
i∈IJ r

U
i,s(

λRT
(n:i∈MI ),s

πs
−λU

i )−
∑

i∈IJ r
D
i,s(

λRT
(n:i∈MI ),s

πs
−λD

i )

]
.

The UL objective function is, thus, given by (5.2a) and is constrained by
constraint (5.2b) and the lower-level (LL) problem (5.2c)-(5.2t), which,
similarly to the model of the previous subsection, clears the stochastic
two-stage DA market.

Maximize
αG
i ∀i∈IJ , ΞLL,P ∪ ΞLL,D∑
i∈IJ

pG
i (λDA

n − λG
i ) +

∑
s∈S

πs

[∑
i∈IJ

rU
i,s (

λRT
n,s

πs
− λU

i )

−
∑
i∈IJ

rD
i,s (

λRT
n,s

πs
− λD

i )

]
(5.2a)

αG
i ≥ 0 ∀i ∈ IJ (5.2b)

The UL constraint (5.2b), above, imposes the strategic price offer for the
conventional units, i.e., αG

i , to be non-negative.
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The lower-level objective function (5.2c) minimizes the negative ex-
pected social welfare based on producers offers and demands bids. Note
that producers offers under this model are not equal to generation costs
but they are strategic price offers. Furthermore, strategic price offer αG

i

is a variable for the UL problem, but treated as a parameter within the
LL problem.

Minimize
ΞP∑

i∈I

αG
i pG

i −
∑
d∈D

λD
d p

D
d +

∑
s∈S

πs

[∑
i∈I

(
λU
i r

U
i,s − λD

i r
D
i,s

)
+
∑
d∈D

V sh
d lshd,s

]
(5.2c)

Finally, LL objective function (5.2c), above, is subject to the following
constraints:

∑
d:(d,n)∈MD

pD
d −

∑
i:(i,n)∈MI

pG
i −

∑
l:(l,n)∈MW

pW
l

+
∑

m:(n,m)∈Λ

Bn,m(δDA
n − δDA

m ) = 0 : λDA
n ∀n (5.2d)

∑
i:(i,n)∈MI

(
rD
i,s − rU

i,s

)
−

∑
l:(l,n)∈MW

(PW,F
l,s − pW

l − p
spill
l,s )

−
∑

d:(d,n)∈MD

lshd,s −
∑

m:(n,m)∈Λ

Bn,m(δDA
n + δRT

m,s − δDA
m − δRT

n,s)

= 0 : λRT
n,s ∀n,∀s (5.2e)

0 ≤ pG
i ≤ P

G

i : φG

i
, φ

G

i ∀i (5.2f)

0 ≤ pD
d ≤ P

D

d : ψD

d
, ψ

D

d ∀d (5.2g)

0 ≤ pW
l ≤ P

W

l : σl, σl ∀l (5.2h)

0 ≤ pspill
l,s ≤ PW,F

l,s : τ l,s, τ l,s ∀l,∀s (5.2i)

0 ≤ lshd,s ≤ pD
d : ξ

d,s
, ξd,s ∀d,∀s (5.2j)

0 ≤ rD
i,s ≤ RD

i : µD

i,s
, µD

i,s ∀i,∀s (5.2k)
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0 ≤ rU
i,s ≤ RU

i : µU

i,s
, µU

i,s ∀i, ∀s (5.2l)

rU
i,s ≤

(
P

G

i − pG
i

)
: µi,s ∀i, ∀s (5.2m)

rD
i,s ≤ pG

i : µ
i,s
∀i, ∀s (5.2n)

Bn,m(δDA
n − δDA

m ) ≤ Fmax
n,m : εDA

n,m ∀(n,m) ∈ Λ (5.2o)

Bn,m(δRT
n,s − δRT

m,s) ≤ Fmax
n,m : εRT

n,m,s ∀(n,m) ∈ Λ,∀s (5.2p)

− π ≤ δDA
n ≤ π : γDA

n
, γDA

n ∀n (5.2q)

− π ≤ δRT
n,s ≤ π : γRT

n,s
, γRT

n,s ∀n,∀s (5.2r)

δDA
n=1 = 0 : γDA (5.2s)

δRT
n=1,s = 0 : γRT

s ∀s. (5.2t)

Constraints (5.2d)-(5.2t) are similar to constraints (5.1d)-(5.1q) of the
previous subsection of the two-stage market-clearing model.

The primal variables of the LL are included in the set ΞP = {pG
i , pW

l ,
rU
i,s, r

D
i,s, l

sh
d,s, p

spill
l,s , pD

d , δDA
n , δRT

n,s}.
In addition, the dual variables of the LL are included in the set

ΞLL,D = {λDA
n , λRT

n,s, φ
G

i
, φ

G

i , ψD

d
, ψ

D

d , σl, σl, τ l,s, τ l,s, ξd,s, ξd,s, µ
D
i,s

,

µD
i,s, µ

U
i,s

, µU
i,s, µi,s, µi,s, ε

DA
n,m, εRT

n,m,s, γ
DA
n

, γ0
n, γRT

n,s
, γRT

n,s, γ
DA, γRT

s }.

Finally, the primal variables of the UL (5.2a)-(5.2b) are αG
i ∀i ∈ IJ

as well as all members of variable sets ΞLL,P and ΞLL,D.

Model (5.2) is solved iteratively for every producer J until equilib-
rium is reached, following the approach of Chapter 4, assuming perfect
information for each player. To solve bilevel model (5.2), we follow the
procedure explained in Chapters 2 - 4. The LL problem (5.2c)-(5.2t)
is continuous, linear and, therefore, convex. This allows bilevel prob-
lem (5.2) to be recast as a single-level mathematical program with equi-
librium constraints (MPEC) through replacing the LL problem by its
Karush-Kuhn-Tucker (KKT) optimality conditions [66, 67]. Simlarly to
Chapters 2-4 and as explained in Appendix A, the KKT conditions are
derived from the Lagrangian function associated with the LL, by differ-
entiating it each time with the corresponding primal variable of the LL
problem:
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∂L
∂pG

i

= αG
i − λDA

n:i∈MI
− φ

i
+ φi +

∑
s∈S

(µi,s − µi,s)

= 0 ∀i (5.3a)

∂L
∂pW

l

= −λDA
n:l∈MW

− σl + σl +
∑
s∈S

λRT
(n:l∈MW ),s = 0 ∀l (5.3b)

∂L
∂rU

i,s

= πsλ
U
i − λRT

(n:i∈MI),s − µU

i,s
+ µU

i,s + µi,s

= 0 ∀i, ∀s (5.3c)

∂L
∂rD

i,s

= −πsλD
i + λRT

(n:i∈MI),s − µD

i,s
+ µD

i,s + µ
i,s

= 0 ∀i, ∀s (5.3d)

∂L
∂lshd,s

= πsV
sh
d − λRT

(n:d∈MD),s − ξd,s + ξd,s = 0 ∀d,∀s (5.3e)

∂L
∂pspill

l,s

= λRT
(n:l∈MW ),s − τ l,s + τ l,s = 0 ∀l,∀s (5.3f)

∂L
∂pD

d

= λDA
n:d∈MD

− λD
d − ψd + ψd − ξd,s = 0 ∀d,∀s (5.3g)

∂L
∂δDA

n

=
∑
m∈Λ

(λDA
n − λDA

m )Bn,m −
∑
m∈Λ

∑
s∈S

(λRT
n,s − λRT

m,s)Bn,m

+
∑
m∈Λ

(εDA
n,m − εDA

m,n)Bn,m − γDA

n
+ γDA

n + (γDA)n=1

= 0 ∀n (5.3h)

∂L
∂δRT

n,s

=
∑
m∈Λ

∑
s∈S

(λRT
n,s − λRT

m,s)Bn,m +
∑
m∈Λ

(εRT
n,m,s − εRT

m,n,s)Bn,m

− γRT

n,s
+ γRT

n,s + (γRT
s )n=1 = 0 ∀n,∀s (5.3i)

Lastly, complementarity slackness conditions, which refer to the relation-
ship between the positivity in a primal constraint and the positivity of
its associated dual variable, are given below:

0 ≤ P
G

i ⊥ φG

i
≥ 0 ∀i (5.3j)

0 ≤ (P
G

i − pG
i ) ⊥ φ

G

i ≥ 0 ∀i (5.3k)
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0 ≤ P
D

d ⊥ ψd ≥ 0 ∀d (5.3l)

0 ≤ (P
D

d − pD
d ) ⊥ ψd ≥ 0 ∀d (5.3m)

0 ≤ pW
l ⊥ σl ≥ 0 ∀l (5.3n)

0 ≤ (PW
l − pW

l ) ⊥ σl ≥ 0 ∀l (5.3o)

0 ≤ pspill
l,s ⊥ τ l,s ≥ 0 ∀l,∀s (5.3p)

0 ≤ (PW,F
l,s − pspill

l,s ) ⊥ τ l,s ≥ 0 ∀l,∀s (5.3q)

0 ≤ lshd,s ⊥ ξ
d,s
≥ 0 ∀d,∀s (5.3r)

0 ≤ (pD
d − lshd,s) ⊥ ξd,s ≥ 0 ∀d,∀s (5.3s)

0 ≤ rD
i,s ⊥ µD

i,s
≥ 0 ∀i,∀s (5.3t)

0 ≤ (RD
i − rD

i,s) ⊥ µDs
i,s ≥ 0 ∀i, ∀s (5.3u)

0 ≤ rU
i,s ⊥ µU

i,s
≥ 0 ∀i,∀s (5.3v)

0 ≤ (RU
i − rU

i,s) ⊥ µU
i,s ≥ 0 ∀i, ∀s (5.3w)

0 ≤ (P
G

i − rU
i,s − pGs

i ) ⊥ µi,s ≥ 0 ∀i, ∀s (5.3x)

0 ≤ (pG
i − rD

i,s) ⊥ µ
i,s
≥ 0 ∀i,∀s (5.3y)

0 ≤ [F n,m −Bn,m(δ0
n − δ0

m)] ⊥ εDA
n,m ≥ 0 ∀n,∀m (5.3z)

0 ≤ [F n,m −Bn,m(δRT
n,s − δRT

m,s)] ⊥ εRT
n,m,s ≥ 0 ∀n,∀m,∀s (5.3za)

0 ≤ (δ0
n + π) ⊥ γ0

n
≥ 0 ∀n (5.3zb)

0 ≤ (−δ0
n + π) ⊥ γ0

n ≥ 0 ∀n (5.3zc)

0 ≤ (δRT
n,s + π) ⊥ γRT

n,s
≥ 0 ∀n,∀s (5.3zd)

0 ≤ (−δRT
n,s + π) ⊥ γRT

n,s ≥ 0 ∀n,∀s, (5.3ze)

where operator ⊥ (perpendicular) enforces the perpendicular condition
between the vectors on the left-hand and right-hand sides, i.e., their
element-by-element product is zero.

Thus, bilevel model (5.2), is finally replaced by the MPECs below,
one per producer:{

Maximize
pGi , ΞLL,P ∪ ΞLL,D

(5.2a)

subject to

(5.2b), (5.2d) and (5.2e) (5.4a)
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(5.3a)− (5.3i) (5.4b)

(5.3j)− (5.3ze) (5.4c)}
∀J .

MPECs (5.4), one per producer, are non-linear due to the following
two sources of non-linearities:

• the bilinear terms pG
i λDA

n , rU
i,s λ

RT
n,s and rD

i,s λ
RT
n,s included in the

objective function (5.2a), and

• complementarity conditions (5.4c).

The bilinear terms inside the objective function are linearized based
on an approach without approximation, deploying the strong duality the-
orem (SDT) and mathematical expressions (5.3a)-(5.3ze), following the
same procedure as in Chapters 2 - 4. The SDT states that if a problem is
convex then the objective functions of the primal and dual problems have
the same value at the optimum, and for the given problem this writes as
in (5.5) below:

∑
i∈I

αG
i pG

i −
∑
d∈D

λD
d p

D
d +

∑
s∈S

πs

[∑
i∈I

(
λU
i r

U
i,s − λD

i r
D
i,s

)
+
∑
d∈D

V sh
d lshd,s

]
=

−
∑
n∈Λ

∑
l:(l,n)∈MW

∑
s∈S

PW,F
l,s λRT

n,s −
∑
i∈I

P
G

i φ
G

i −
∑
d∈D

P
D

d ψ
D

d −
∑
l∈W

P
W

l σl

−
∑
l∈W

∑
s∈S

PW,F
l,s τ l,s −

∑
i∈I

∑
s∈S

(
RD
i µ

D
i,s +RU

i µ
U
i,s + P

G

i µi,s

)
−

∑
(n,m)∈Λ

Fmax
n,m ε

DA
n,m −

∑
(n,m)∈Λ

∑
s∈S

Fmax
n,m ε

RT
n,m,s

−
∑
n∈Λ

π

(
γDA
n + γDA

n
+
∑
s∈S

γRT
n,s +

∑
s∈S

γRT

n,s

)
.

(5.5)

Finally, similarly to Chapter 4 and due to the iterative nature of the
equilibrium problem, complementarity conditions are linearized based
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on the SOS1 approach [66, 120] but at the cost of introducing a set
of auxiliary SOS1 variables. The SOS1 method is explained at the
end of Appendix A. The corresponding MPEC is linearized and then
solved, as a MILP, similarly to Chapters 2 and 3 and according to
the procedure explained in Appendix A. The collection of all MPECs,
one per producer, forms an equilibrium problem with equilibrium con-
straints (EPEC), whose solution identifies the equilibrium point. Unlike
[70, 90, 75], for consistency with Chapter 4, we use an iterative diago-
nalization approach to solve EPEC, in which each producer determines
sequentially its strategy considering the rivals’ strategies fixed. The iter-
ations continue until no producer changes its strategy unilaterally or until
the maximum number of iterations is reached, as illustrated in Fig. 5.3.
For a detailed description of the iterative diagonalization approach we
refer to Section 4.2.4.

5.2.4 VCG Model: Incentive-Compatible Market-Clearing Mecha-
nism for a Two-Stage Stochastic Market

As indicated in Section 5.2.2, the Competitive market-clearing mecha-
nism does not guarantee that market participants will remain price-takers
and will not exercise market power. Therefore, in this subsection we
evaluate a VCG-based market-clearing mechanism, which induces truth-
fulness while at the same time ensures market efficiency. However, as
elaborated in the introduction section, VCG does not guarantee revenue-
adequacy, potentially leading the market to budget deficit. Thus, budget
imbalance should be exogenously recovered by additional payments from
market agents, which however may lead to losses in market efficiency
or cost-recovery depending on the approach, as shown by the Myerson-
Satterthwaite theorem [40]. In this study we quantify budget imbalance
in a large-scale network-constrained market with high wind power pen-
etration and attempt to partially recover it through a redistribution ap-
proach based on the contribution of each market agent on the budget
imbalance.

The first step of this approach is to ensure efficient economic dispatch
by using the same model as Section 5.2.2, which guarantees market effi-
ciency given a perfectly competitive market. To this end, note that the
present model ensures a perfectly competitive market being incentive-



146
CHAPTER 5. AN EFFICIENT AND INCENTIVE-COMPATIBLE

TWO-STAGE STOCHASTIC MARKET

Solve MPEC for each producer J : 

Solve each producer's MPEC 

sequentially. While solving MPEC for 
producer J, offering strategies of all rival 

producers are kept fixed. 
Strategy vector is updated with the 

solutions of all MPECs  and is the input 
of the next iteration.

𝑥 𝑐 − 𝑥(𝑐 − 1) < 𝜀
for all producers?

Equilibrium point is found

𝑐 = 𝑐𝑚𝑎𝑥?

𝑐 = 𝑐 + 1.

END

No equilibrium is found

Initialize iteration counter,  𝑐.
Set maximum number of iterations, 𝑐𝑚𝑎𝑥 . 

Set convergence tolerance, 𝜀.
Initialize price offering strategies, 𝑥 𝑐 , for 𝑐 = 1.

No

No

Yes
Yes

Figure 5.3: (Figure 4.2) The iterative diagonalization approach to iden-
tify the equilibrium point for the Strategic LMP model

compatible, as it will be proved in the following paragraphs. This is in
contrast with the Competitive model, under which perfect competition is
only an assumption. At the second step of the VCG mechanism, demands
charges and generation payments are decided based on their individual
contribution to market social welfare maximization, which reflects the
economic impact of each participant on social welfare.

Regarding producers, the aforementioned payment scheme is designed
to endogenize the social welfare function into each producer J ’s profit-
maximizing function, by paying the producer the difference between: (i)
the expected social welfare when all agents participate plus producer J ’s
reported operational cost, and (ii) the expected social welfare when J
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does not participate, see e.g. (5.7). Demands payments to the market
are defined in a similar way.

5.2.4.1 VCG payments to conventional producers

Let producer J be the one whose revenue is to be calculated and I−J
be the set of participating producers excluding J . The social welfare
when J does not participate will be derived by the solution of problem
(5.6) below. Note that in the below problem, the objective function
corresponds to the negative expected social welfare to be minimized,
which is equivalent to maximizing expected social welfare.

{
Minimize

ΞP∑
i∈I−J

λG
i pG

i −
∑
d∈D

λD
d p

D
d +

∑
s∈S

πs

[ ∑
i∈I−J

(
λU
i r

U
i,s − λD

i r
D
i,s

)
+
∑
d∈D

V sh
d lshd,s

]
(5.6a)

subject to∑
d:(d,n)∈MD

pD
d −

∑
i:(i,n)∈MI−J

pG
i −

∑
l:(l,n)∈MW

pW
l

+
∑

m:(n,m)∈Λ

Bn,m(δDA
n − δDA

m ) = 0 ∀n (5.6b)

∑
i:(i,n)∈MI−J

(
rD
i,s − rU

i,s

)
−

∑
l:(l,n)∈MW

(PW,F
l,s − pW

l − p
spill
l,s )

−
∑

d:(d,n)∈MD

lshd,s +
∑

m:(n,m)∈Λ

Bn,m(δDA
n + δRT

m,s − δDA
m − δRT

n,s)

= 0 ∀n,∀s (5.6c)

0 ≤ pG
i ≤ P

G

i ∀i ∈ I−J (5.6d)

0 ≤ pD
d ≤ P

D

d ∀d (5.6e)

0 ≤ pW
l ≤ P

W

l ∀l (5.6f)
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0 ≤ pspill
l,s ≤ PW,F

l,s ∀l,∀s (5.6g)

0 ≤ lshd,s ≤ pD
d ∀d,∀s (5.6h)

0 ≤ rD
i,s ≤ RD

i ∀i ∈ I−J ,∀s (5.6i)

0 ≤ rU
i,s ≤ RU

i ∀i ∈ I−J ,∀s (5.6j)

rU
i,s ≤

(
P

G

i − pG
i

)
∀i ∈ I−J ,∀s (5.6k)

rD
i,s ≤ pG

i ∀i ∈ I−J ,∀s (5.6l)

Bn,m(δDA
n − δDA

m ) ≤ Fmax
n,m ∀(n,m) ∈ Λ (5.6m)

Bn,m(δRT
n,s − δRT

m,s) ≤ Fmax
n,m ∀(n,m) ∈ Λ,∀s (5.6n)

− π ≤ δDA
n ≤ π ∀n (5.6o)

− π ≤ δRT
n,s ≤ π ∀n,∀s (5.6p)

δDA
n=1 = 0 (5.6q)

δRT
n=1,s = 0 ∀s. (5.6r)}

∀J,

where ΞP = {pG
i , pW

l , rU
i,s, r

D
i,s, l

sh
d,s, p

spill
l,s , pD

d , δDA
n , δRT

n,s} is the set of primal
variables.

The above optimization model is similar to (5.1) but is solved for a
number of times equal to the number of conventional producers, exclud-
ing one producer at a time. Note, that the set of participating conven-
tional producers has been changed to exclude producer J , i.e., i ∈ I−J .
Finally, the payment to producer J , i.e., ΠJ , will be:

ΠJ =

[
E[SW] +

∑
i∈IJ

λG
i pG

i

]
− E[SW−J] (5.7)

where E[SW] is the expected social welfare of all agents including J ,
E[SW−J] is the expected market social welfare when producer J is ex-
cluded from the auction, i.e., it is the minus value of objective function
(5.6a) at the optimal point, and

∑
i∈IJ λ

G
i p

G
i is the reported operational

cost of producer J for its total scheduled power. Note that the first term
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of (5.7) inside the brackets is the social welfare considering the contribu-
tion of all agents except J . It will be proved in the following subsection
that producers dominant strategy is to report their actual cost to the
market under this payment scheme.

5.2.4.2 VCG payments to wind producers

Let wind producer L be the one whose revenue is to be calculated and
W−L be the set of all participating wind producers excluding L. The
expected social welfare when L does not participate, will be derived by
the solution of (5.8) problem below:

{
Minimize

ΞP∑
i∈I

λG
i pG

i −
∑
d∈D

λD
d p

D
d +

∑
s∈S

πs

[∑
i∈I

(
λU
i r

U
i,s − λD

i r
D
i,s

)
+
∑
d∈D

V sh
d lshd,s

]
(5.8a)

subject to∑
d:(d,n)∈MD

pD
d −

∑
i:(i,n)∈MI

pG
i −

∑
l:(l,n)∈MW−L

pW
l

+
∑

m:(n,m)∈Λ

Bn,m(δDA
n − δDA

m ) = 0 ∀n (5.8b)

∑
i:(i,n)∈MI

(
rD
i,s − rU

i,s

)
−

∑
l:(l,n)∈MW−L

(PW,F
l,s − pW

l − p
spill
l,s )

−
∑

d:(d,n)∈MD

lshd,s +
∑

m:(n,m)∈Λ

Bn,m(δDA
n + δRT

m,s − δDA
m − δRT

n,s)

= 0 ∀n,∀s (5.8c)

0 ≤ pG
i ≤ P

G

i ∀i (5.8d)

0 ≤ pD
d ≤ P

D

d ∀d (5.8e)

0 ≤ pW
l ≤ P

W

l ∀l ∈ W−L (5.8f)

0 ≤ pspill
l,s ≤ PW,F

l,s ∀l ∈ W−L,∀s (5.8g)
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0 ≤ lshd,s ≤ pD
d ∀d,∀s (5.8h)

0 ≤ rD
i,s ≤ RD

i ∀i,∀s (5.8i)

0 ≤ rU
i,s ≤ RU

i ∀i, ∀s (5.8j)

rU
i,s ≤

(
P

G

i − pG
i

)
∀i, ∀s (5.8k)

rD
i,s ≤ pG

i ∀i,∀s (5.8l)

Bn,m(δDA
n − δDA

m ) ≤ Fmax
n,m ∀(n,m) ∈ Λ (5.8m)

Bn,m(δRT
n,s − δRT

m,s) ≤ Fmax
n,m ∀(n,m) ∈ Λ,∀s (5.8n)

− π ≤ δDA
n ≤ π ∀n (5.8o)

− π ≤ δRT
n,s ≤ π ∀n,∀s (5.8p)

δDA
n=1 = 0 (5.8q)

δRT
n=1,s = 0 ∀s. (5.8r)}

∀L,

where ΞP = {pG
i , pW

l , rU
i,s, r

D
i,s, l

sh
d,s, p

spill
l,s , pD

d , δDA
n , δRT

n,s} is the set of primal
variables.

The above optimization model is similar to (5.1) but is solved for
a number of times equal to the number of wind producers, excluding
one wind producer at a time. Note, that the set of participating wind
producers has been changed to exclude wind producer L, i.e., l ∈ W−L.
Finally, the payment to wind producer L, i.e., ΠL, will be:

ΠL =
[
E[SW] + ĈL

]
− E[SW−L] (5.9)

where E[SW] is the expected social welfare of all agents including L,
E[SW−L] is the expected market social welfare when wind producer L is
excluded from the auction, i.e., it is the minus value of objective function
(5.8a) at the optimal point, and ĈL is the reported operational cost of
wind producer L, which in this study is zero for all wind producers.



5.2. MATHEMATICAL FORMULATION 151

5.2.4.3 VCG payments from demands

Let demand C be the one whose payment to the market is to be calculated
and D−C be the set of participating consumers excluding C. The social
welfare when C does not participate, will be derived by the solution of
(5.10) problem below:

{
Minimize

ΞP∑
i∈I

λG
i pG

i −
∑

d∈D−C

λD
d p

D
d +

∑
s∈S

πs

[∑
i∈I

(
λU
i r

U
i,s − λD

i r
D
i,s

)
+
∑

d∈D−C

V sh
d lshd,s

]
(5.10a)

subject to∑
d:(d,n)∈MD−C

pD
d −

∑
i:(i,n)∈MI

pG
i −

∑
l:(l,n)∈MW

pW
l

+
∑

m:(n,m)∈Λ

Bn,m(δDA
n − δDA

m ) = 0 ∀n (5.10b)

∑
i:(i,n)∈MI

(
rD
i,s − rU

i,s

)
−

∑
l:(l,n)∈MW

(PW,F
l,s − pW

l − p
spill
l,s )

−
∑

d:(d,n)∈MD−C

lshd,s +
∑

m:(n,m)∈Λ

Bn,m(δDA
n + δRT

m,s − δDA
m − δRT

n,s)

= 0 ∀n,∀s (5.10c)

0 ≤ pG
i ≤ P

G

i ∀i (5.10d)

0 ≤ pD
d ≤ P

D

d ∀d ∈ D−C (5.10e)

0 ≤ pW
l ≤ P

W

l ∀l (5.10f)

0 ≤ pspill
l,s ≤ PW,F

l,s ∀l,∀s (5.10g)

0 ≤ lshd,s ≤ pD
d ∀d ∈ D−C ,∀s (5.10h)

0 ≤ rD
i,s ≤ RD

i ∀i,∀s (5.10i)

0 ≤ rU
i,s ≤ RU

i ∀i,∀s (5.10j)
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rU
i,s ≤

(
P

G

i − pG
i

)
∀i, ∀s (5.10k)

rD
i,s ≤ pG

i ∀i, ∀s (5.10l)

Bn,m(δDA
n − δDA

m ) ≤ Fmax
n,m ∀(n,m) ∈ Λ (5.10m)

Bn,m(δRT
n,s − δRT

m,s) ≤ Fmax
n,m ∀(n,m) ∈ Λ,∀s (5.10n)

− π ≤ δDA
n ≤ π ∀n (5.10o)

− π ≤ δRT
n,s ≤ π ∀n,∀s (5.10p)

δDA
n=1 = 0 (5.10q)

δRT
n=1,s = 0 ∀s. (5.10r)}

∀C,

where ΞP = {pG
i , pW

l , rU
i,s, r

D
i,s, l

sh
d,s, p

spill
l,s , pD

d , δDA
n , δRT

n,s} is the set of primal
variables.

The above optimization model is similar to (5.1) but is solved for a
number of times equal to the number of demands, excluding one demand
at a time. Note, that the set of participating demands has been changed
to exclude demand C, i.e., d ∈ D−C . Finally, demand C’s charges for its
consumption, i.e., ΠC , will be:

ΠC = E[SW−C]−
[
E[SW]−

∑
d∈DC

λD
d p

D
d

]
(5.11)

where E[SW−C] is the expected market social welfare when consumer C is
excluded from the auction, i.e., it is the minus value of objective function
(5.10a) at the optimal point, E[SW] is the expected social welfare of all
agents including C and

∑
d∈DC λ

D
d p

D
d is the reported utility of consumer

C, i.e., the total cost it is willing to pay for its consumption pd.

5.2.4.4 Incentive-compatibility under the VCG mechanism

Based on the above models we are now going to show that the afore-
mentioned mechanism is incentive-compatible. We will prove incentive-
compatibility of the VCG mechanism for the case of conventional power
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producers. However, the corresponding proof for the rest of participants,
i.e., wind producers and demands, is straightforward.

Theorem 5.1. Under a VCG payment scheme, truthful submission of
individual operational cost is each producer’s dominant strategy.

Proof. Let us consider producer J , whose revenue under the VCG mech-
anism is given by (5.12), below:

ΠJ =

[
E[SW] +

∑
i∈IJ

λG
i pG

i

]
− E[SW−J] (5.12)

Producer J ’s revenue consists of the following two terms:

• the expected social welfare when all producers participate in the
market plus J ’s operational cost, i.e., E[SW] +

∑
i∈IJ λ

G
i pG

i ,

• the expected social welfare of the market when producer J does
not participate in the auction, i.e., E[SW−J].

Producer J , being strategic, optimizes its price offer, which is then
submitted to the market instead of its actual operational cost. Producer
J ’s optimal price offer is derived by the optimization problem, whose
objective function is (5.13) below:

Maximize

{
ΠJ −

∑
i∈IJ

pG
i λ

G
i

}
(5.13)

Objective function (5.13) represents the profit of producer J , being
the difference between the payment J receives from the market and its
operational cost. Considering (5.12), the above objective function be-
comes:

Maximize

{
E[SW]− E[SW−J]

}
(5.14)
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In (5.14) note that the second term, being the expected social welfare
excluding producer J , is a parameter for producer J , i.e., it is indepen-
dent of its decisions. This reduces its optimization objective into maxi-
mizing the first term only. However, the first term is the expected social
welfare when all agents participate. Therefore, maximization of social
welfare is internalized in producer J ’s optimization objective, making its
dominant strategy to report the actual operational cost, since this will
eventually lead to maximum social welfare. Thus, it is proved that VCG
payment eliminates producers ability to misreport operational costs ex-
erting market power.

5.2.4.5 Cost-recovery under the VCG mechanism

Based on the above models we are now going to show that the afore-
mentioned mechanism ensures cost-recovery of all producers, i.e., non-
negative profits.

Theorem 5.2. Given that truthful submission of individual operational
cost is each producer’s dominant strategy, payment received by each pro-
ducer is always not less than its operational cost.

Proof. Let us consider that the VCG mechanism incurs a profit for each
producer J , defined before as:

ProfitJ = E[SW]− E[SW−J]. (5.15)

where E[SW] is the expected social welfare when it participates and
E[SW−J] is the expected social welfare when J does not participate in
the market. Excluding producer J , the market social welfare can only
be less than or equal to the social welfare when producer J participates.
Indeed, if producer J decreases social welfare in expectation through its
participation, then it will not be scheduled by market operator at the
optimal dispatch. Thus, the first term of (5.15) is never less than the
second term. This leads to the proof that producer J ’s profit is non-
negative and its received revenue is necessarily greater or equal to its
operational cost.
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5.2.4.6 Budget imbalance redistribution under the VCG Mecha-
nism

The VCG-based mechanism is incentive-compatible, efficient and ensures
cost-recovery. However, as noted at the beginning of Section 5.2.4, it
may lead to budget deficit, i.e., payments received from demand-side
are less than payments made to generation-side. Thus, budget imbal-
ance should be exogenously recovered by additional payments from mar-
ket agents. In [143] authors investigate a VCG mechanism for energy
markets, noting that the mechanism will lead to budget deficit, which
could potentially be recovered by additional payments from consumers.
In more recent research [146], authors calculate the budget deficit and
compare it with producers revenues and demands payments to suggest
that revenue-adequacy could be achieved by imposing negative constants
on generator’s payment functions or positive constants to demands pay-
ments. However, budget redistribution in [146] is not demonstrated in
practice, while the proposed scheme fails to present a fair mechanism
for recovering the budget imbalance from the agents that contribute the
most towards it.

In this subsection we present a novel redistribution approach, which
aims in ex-post recovering the budget imbalance, by charging agents that
are responsible for the negative budget imbalance, while rewarding agents
that contribute towards revenue-adequacy. The proposed mechanism is
motivated by the economics literature, and more particularly paper [41],
where the author proves that there exists a maximum VCG surplus guar-
antee that can be redistributed in demand-side only auctions, without
affecting the rest properties of the market. However, it is not straightfor-
ward to apply this approach to electricity markets, since the latter include
both producers and consumers. Motivated by the aforementioned con-
siderations, we attempt to adapt a similar mechanism in a two-sided elec-
tricity market, and evaluate it in a large-scale case study. The proposed
redistribution scheme is able to distinguish each agent’s positive/negative
contribution towards revenue-adequacy and reward/charge them with a
corresponding redistribution payment.

Qualitatively, the proposed budget imbalance redistribution scheme
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is described by the flowchart in Fig. 5.4. The first step is to solve the
original VCG market-clearing problem and calculate the value of bud-
get imbalance (S0), i.e., the difference between aggregate payments re-
ceived from demands and aggregate revenues of producers, as expressed
by (5.16) below:

S0 =
∑
C∈D

ΠC −

[∑
J∈I

ΠJ +
∑
L∈W

ΠL

]
. (5.16)

In order to propose a fair mechanism for charging this additional
payment to market participants, we first investigate the contribution of
each market agent on the budget imbalance. Thus, we solve the market-
clearing problem excluding each time the corresponding market agent
and calculate the resulted budget imbalance without agent α, S−α. Note
that agent α can be either a demand or a producer. If the resulted bud-
get imbalance is positive, i.e., S−α > 0, and the initial budget imbalance
is negative, i.e., S0 < 0, then agent α’s participation in the market con-
tributes towards negative budget imbalance and it should be charged.
On the other hand, in cases that initial budget imbalance is positive, i.e.,
S0 > 0, then if excluding agent α leads to lower budget imbalance, agent
α contributes towards higher budget imbalance and should be rewarded
accordingly.

The aforementioned redistribution scheme indicates the impact that
each agent has on the budget imbalance of the market. Based on
this scheme, we can distinguish which agent participation jeopardizes
revenue-adequacy and whose participation is helping towards achieving
it. Having distinguished the impact of each of the market agents, we
should now define the exact redistribution payment of each agent, which
should correspond to its individual contribution on revenue-adequacy in
order to redistribute budget imbalance in a fair way. To this end, the
redistribution payment (RM) in a market with negative imbalance is cal-
culated as the surplus associated with each agent α’s absence of the mar-
ket, divided by the number of participating agents N . Note that agent α
redistribution payment, i.e., RMα, is constrained to be less than or equal
to agent α profit/utility, in order to ensure cost-recovery. Similarly, in
a market with positive budget imbalance, i.e., revenue-adequacy is satis-
fied, each agent that helps towards increasing positive budget imbalance
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Step 1: Solve VCG market-clearing including all market agents (𝛼 = 1,… ,𝑁)

Step 2: Calculate budget imbalance ( 𝑆0 ):

𝑆0 = {Aggregate Demands Payments} – {Aggregate Producers Revenues}

Step 1: Solve VCG market-clearing excluding market agent α

Step 2: Calculate budget imbalance 𝑆−𝛼

𝑆−𝛼 >0

𝑆0 < 0

𝑆−𝛼 < 𝑆0

Charged:

𝑅𝑀𝑎 = ൗ𝑆−𝛼
𝑁

Yes

Yes

Yes

No

Rewarded:

𝑅𝑀𝑎 = ൗ𝑆−𝛼
𝑁

End

Figure 5.4: Recovery of the market budget imbalance of the VCG market-
clearing mechanism

is rewarded by getting paid the surplus associated with its absence in
the market divided by the number of participating agents. The proposed
approach has the following features:

1. It redistributes budget imbalance of the market in a fair way,
rewarding agents that contribute towards revenue-adequacy and
charging agents that have negative impact on it.

2. It doesn’t affect market efficiency, since DA schedules do not
change.

3. It ensures incentive-compatibility, since the redistribution payment
RMα is independent of agent α’s decisions, being the VCG budget
deficit/surplus when the agent does not participate in the market.
Thus, agent α cannot be strategic with its redistribution payment.
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4. It ensures ex-post cost-recovery, by constraining the redistribution
payment by agent’s VCG profit/utility.

However, note that the aforementioned redistribution approach is an
ex-post solution, which does not always guarantee full recovery of the
negative budget imbalance, i.e., it might just reduce it.

5.3 Case Studies

In order to extensively evaluate the VCG mechanism under the two-
stage stochastic market setup, we present in this section two different
large-scale case studies. The scope of the case studies is to compare the
VCG mechanism in a two-stage stochastic market for increasing levels
of wind power penetration, both including and excluding network con-
straints. Thus, the first case study, i.e., Section 5.3.1, does not consider
transmission network constraints, while the second case study considers
a transmission network through a lossless DC power flow study. Apart
from analyzing the corresponding results for each case study, at the end
of this section we additionally evaluate the impact of network congestion
in VCG-based market and draw relevant conclusions.

5.3.1 Case Study Excluding Transmission Network Constraints

5.3.1.1 Data and assumptions

A case study based on the IEEE one-area reliability test system [84] is
considered, in which transmission network constraints are not considered.
For the sake of simplicity, conventional units are grouped by type and
price. Nine conventional units are considered and each one of them offers
at a quantity identical to its installed capacity and at a price given in
Table 5.1.

In addition to conventional units, we consider a large wind power
plant. Wind power generation is accommodated by a set of scenarios,
derived from a DA forecast. For this purpose, an initial number of 2,000
per-unit wind scenarios are generated from a Beta distribution [51] and
then reduced in 10 scenarios for computational efficiency, using the K-
means clustering approach [89]. Furthermore, multiple cases are evalu-
ated for increasing penetration of wind power.
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Table 5.1: Technical Characteristics of Conventional Units

Conv.
Gener-
ation
Unit

Power
Capac-

ity (P
G

i )
[MW]

Oper.
Cost (λGi )
[e/MWh]

Reserve
Up Ca-
pacity
(RU

i )
[MW]

Reserve
Up Cost
(λUi )
[e/MWh]

Reserve
Down
Capacity
(RD

i )
[MW]

Reserve
Down
Cost
(λDi )
[e/MWh]

G1 304 13.32 80 15 80 11
G2 350 19.7 70 24 70 16
G3 591 20.93 180 25 180 17
G4 60 26.11 60 28 60 23
G5 610 10.52 120 15 120 7
G6 400 6.02 0 - 0 -
G7 400 5.47 0 - 0 -
G8 300 0 0 - 0 -
G9 350 12.89 40 16 40 8

This case study is investigated in the following sections for different
levels of wind power penetration. By the term “wind power penetration”
we refer to the expected aggregate wind power in the market divided by
the total load (i.e., 2,200 MW). Note that in all these cases, 10 per-unit
wind power scenarios are generated from a Beta function with shape
parameters (a,b)=(5,1). However, a different weight is used to define
different penetration levels. Hence, in all cases, the standard deviation
of wind power (i.e., level of wind power uncertainty) is the same. The
characteristics of wind power scenarios are presented in Table 5.2.

Table 5.2: Characteristics of the Wind Power Scenarios

Case No. 1 2 3 4 5 6 7 8 9
Wind
Pen. [%]

13 19 24 27 32 37 43 47.8 53

Std.
[MW]

71 99 127 141 170 198 226 255 283

Average
[MW]

292 409 528 584 701 818 935 1051 1168

Capacity
[MW]

350 490 630 700 840 980 1120 1260 1400
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Finally, seven demands are considered in the system, whose bids are
given in Table 5.3, and the value of lost load is e200/MWh.

Table 5.3: Demand Data

Demand No. d1 d2 d3 d4 d5 d6 d7

Maximum Load (P
D

d ) [MW] 200 350 300 400 300 400 250
Bid Price (λDd ) [e/MWh] 100 100 100 100 100 100 100

5.3.1.2 Results for increasing levels of wind power penetration

In Fig. 5.5 we present the results regarding budget imbalance of the
market in expectation, for the three investigated models, i.e., competi-
tive, strategic and VCG. Budget imbalance is calculated as the difference
between all payments received from demand-side and payments made
to generation-side. In order for a market mechanism to be revenue-
adequate, the aforementioned difference should be non-negative, mean-
ing that market operator should not face budget deficit. As shown in
[28], the stochastic market model examined in this chapter is revenue-
adequate in expectation, under both perfect and imperfect competition.
However, note that revenue-adequacy is guaranteed only in expectation
and it can be violated for each individual scenario [28].

In Fig. 5.5, it is observed that without enforcing transmission net-
work constraints the stochastic two-stage market mechanism leads to
exact budget balance in this case, i.e., budget imbalance is zero. In the
same figure, budget imbalance is also presented for the VCG mechanism.
From the corresponding black curve it is observed that in contrast to the
traditional market mechanism (either competitive or strategic models),
VCG mechanism leads to negative budget imbalance for the market oper-
ator, i.e., budget deficit. More specifically, analyzing the resulting curve
it is apparent that after a certain level of wind power penetration, i.e.,
around 32%, budget deficit increases notably. Thus, VCG mechanism
becomes less appealing for markets with higher wind penetration, since
the level of negative budget imbalance increases. As explained further
on, the reason for this trend is the decreasing payments of demands as
wind power penetration levels increase.
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Figure 5.5: Budget imbalance of the market in expectation versus dif-
ferent levels of wind power penetration. Revenue-adequacy refers to the
case of having non-negative budget imbalance.

Figure 5.6 presents market expected social welfare for the three in-
vestigated models. As mentioned previously, both incentive-compatible
VCG and the competitive model (perfect competition) lead to the same
social welfare, which is the highest possible, since it considers that all
participants in the market submit their true operational costs. The dif-
ference between the two models is on the accommodated payment scheme
and the calculation of prices, which are ex-post calculations at the opti-
mal dispatch that yields maximum social welfare. Payments under the
traditional stochastic two-stage mechanism, i.e., competitive and strate-
gic models, are defined based on the price derived by the optimization
model, being the dual variable associated with the power balance equa-
tion. On the other hand, VCG payments are made based on a completely
different approach. As already explained in Section 5.2.4, payments are
based on the contribution of each market participant on social welfare
maximization. On the contrary, as anticipated, in a strategic setting so-
cial welfare is lower. The market is cleared based on the strategic offers
of producers at the equilibrium point, which are not their actual costs.
Thus, it is observed, by the red curve in Fig. 5.6, that strategic model
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results in considerably lower social welfare than the other two mecha-
nisms, indicating the anticipated loss in efficiency caused by producers
who act as price-makers. Naturally, though, for all models social wel-
fare increases with increasing penetration of wind power, due to its zero
operational cost.

Wind Penetration [%]
15 20 25 30 35 40 45 50 55

×105

1.9

1.95

2

2.05

2.1

2.15

Competitive 
Strategic 
VCG

Figure 5.6: Expected market social welfare versus different levels of wind
power penetration. Expected social welfare in both competitive and VCG
models is the same since they end up in identical dispatch results; the
only difference is the pricing scheme used.

Regarding the VCG payment scheme, there is no unique DA market
price (even in a case without transmission network) but prices are indi-
vidually calculated for each market participant. Therefore, for each pro-
ducer/demand the price is calculated by dividing its revenue/payment by
the quantity of power produced/consumed. Individual prices per market
participant are presented in Tables 5.4 and 5.5 for producers and de-
mands, respectively. Note that VCG prices which are referred as “Inf” in
Table 5.4, are associated with producers who do not trade power in the
DA market but affect DA dispatch decisions due to their participation
in the RT stage. On the other hand, VCG prices that are referred as
“NaN”, correspond to cases where no power is traded by that producer
in the DA market and, additionally, no payment is made to that pro-
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ducer. For illustration purposes, weighted average prices for aggregate
conventional units, aggregate wind power units, and aggregate demands
are presented in Fig. 5.7 along with the corresponding prices of the com-
petitive and strategic models. Prices corresponding to “Inf” or “NaN”
are replaced by zero at the curves of Fig. 5.7, since they are associated
with marginal and zero profits, respectively. The weighted average prices
(denoted by λ̂) are the summation of all individual prices multiplied by
the ratio between individual and total traded power in DA, defined by
the expressions below.

Equation (5.17a) below gives the weighted average price for aggregate
conventional units under the VCG market mechanism:

λ̂VCG,G =
∑
i∈I

(
λVCG,G
i

pG
i∑
i p

G
i

)
, (5.17a)

where λVCG,G
i is the VCG market price (e/MWh) of conventional unit

i. In addition, pG
i corresponds to its production (MW) dispatched in the

market.

Similarly, (5.17b) below gives the weighted average price for aggregate
wind power units under the VCG market mechanism:

λ̂VCG,W =
∑
l∈W

(
λVCG,W
l

pW
l∑
l p

W
l

)
, (5.17b)

where λVCG,W
l is the VCG market price (e/MWh) of wind power unit l.

In addition, pW
l corresponds to its production (MW) dispatched in the

market.

And, lastly, (5.17c) gives the weighted average price for aggregate
demands under the VCG market mechanism:

λ̂VCG,D =
∑
d∈D

(
λVCG,D
d

pD
d∑
d p

D
d

)
, (5.17c)

where λVCG,D
d is the VCG market price (e/MWh) of demand d, while pD

d

corresponds to its consumption (MW) scheduled in the market.
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Table 5.4: Generation-side DA Market Prices [e/MWh] in the VCG
Market-Clearing Mechanism versus Wind Power Penetration

Wind Power Penetration
Producer 13% 19 % 24 % 27 % 32 % 37 % 42 % 48 % 53 %

G1 12.89 13.39 10.52 NaN Inf 12.44 35.84 Inf 21.13
G2 NaN Inf NaN NaN NaN Inf Inf Inf Inf
G3 NaN Inf Inf NaN Inf Inf Inf Inf Inf
G4 NaN NaN NaN NaN NaN NaN Inf Inf Inf
G5 14.77 13.45 12.87 13.06 13.01 15.53 30.06 32.64 31.77
G6 12.55 13.00 12.74 12.55 11.74 12.02 11.21 10.84 11.23
G7 12.55 13.00 12.74 12.55 11.74 12.02 11.21 10.84 10.27
G8 13.04 12.89 12.69 12.44 11.35 11.52 10.52 10.95 10.19
G9 13.32 22.36 Inf Inf Inf NaN Inf Inf Inf

Wind 13.02 12.96 12.82 12.60 12.26 11.95 11.71 11.76 11.23

*Note: “Inf” stands for the cases where there is payment made to a producer,
but producer does not trade any power in the DA market. This is the case of
a producer that, even though it does not trade power in the DA market, it has
an impact on the DA dispatch of other producers due to its participation in the
RT stage. Thus, producer changes social welfare, even though its DA schedule is
zero. On the other hand, “NaN” stands for the cases where no power is traded
by that producer in the DA market and, additionally, no payment is made to that
producer.

Table 5.5: Demands DA Market Prices [e/MWh] in the VCG Market-
Clearing Mechanism versus Wind Power Penetration

Wind Power Penetration
Demand 13% 19 % 24 % 27 % 32 % 37 % 42 % 48 % 53%

D1 13.46 12.42 12.19 12.28 12.68 12.74 10.60 8.59 5.54
D2 12.20 11.60 11.48 11.53 11.75 10.87 8.64 7.49 6.04
D3 12.48 11.78 11.63 11.70 11.96 11.68 9.07 7.74 5.70
D4 11.99 11.47 11.36 11.40 11.55 10.26 8.31 7.31 6.60
D5 12.48 11.78 11.63 11.70 11.96 11.68 9.07 7.74 5.70
D6 11.99 11.47 11.36 11.40 11.55 10.26 8.31 7.31 6.60
D7 12.87 12.04 11.86 11.93 12.25 12.29 9.68 8.08 5.64

It is observed from Fig. 5.7 that DA prices under the VCG mechanism
for all producers, wind and conventional (curves referred as λ̂VCG,G and

λ̂VCG,W), are greater than the prices of the competitive model. This result
also confirms similar conclusions reported in [146], where the authors nu-
merically conclude that VCG mechanism leads to higher electricity prices
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Figure 5.7: Day-Ahead market prices versus different levels of wind power
penetration

compared to a perfectly competitive LMP market. Furthermore, as ex-
pected, offers in strategic model (red curve) lead to increased electricity
prices, as observed by comparing the red curve for imperfect competition
and the blue curve for perfect competition. It can be noted that the mag-
nitude of prices of the VCG for producers and the strategic model at the
equilibrium point are in comparable levels, being higher than the compet-
itive model, for all levels of wind power penetration. The corresponding
weighted average prices for the demand under the VCG model are quite
lower, being in some cases lower than the prices of the competitive model.
This explains the potential source of budget deficit in the VCG model.
Moreover, the discussed observation of increasing budget deficit when
wind penetration increases, is also explained by this graph: demands are
paying their energy in much lower prices as wind penetration increases
(Fig. 5.7). On the contrary, generation-side prices retain comparatively
higher values which, eventually, leads to the observed increasing bud-
get deficit. Finally, in both traditional market models (competitive and
strategic), a general trend of reducing DA price is observed versus in-
creasing wind power penetration. On the contrary, such a trend is not
generally observed in Tables 5.4 and 5.5 reporting the VCG prices for
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each participant, because VCG payments are based on agents contribu-
tion to social welfare maximization and not on a “merit order” approach.

Figures 5.8a and 5.8b compare the expected profits for all participat-
ing producers for the three different models. Note that VCG profits refer
to the expected profits without considering any ex-post redistribution of
the budget imbalance. It is observed that producers expected profits, in-
cluding wind producer, are generally higher under the VCG mechanism
compared to those under the competitive model (yellow and blue bars).
In fact, this is explained by the payment scheme that pays each producer
based on its contribution to social welfare formation in the optimal point,
and not based on a unique DA market price. Thus, for example marginal
producer G3, for penetration levels 37%-48%, earns no profit under the
competitive model while its profit is positive under the VCG one.

It is worth mentioning that strategic bidding in the electricity mar-
ket can violate the property of cost-recovery, meaning that if produc-
ers offer at different prices than their marginal costs they cannot avoid
the risk of negative profits. It is anticipated though, that since all
market participants have the same information and reach equilibrium,
market-clearing should be perfectly anticipated by producers, ensuring
cost-recovery. However, small losses appear for producers due to the
existence of multiple available solutions. More precisely, different DA
schedules might lead to the same value of social welfare at the optimal.
Thus, the returned solution of a producer’s profit-maximizing tool cor-
responds to the dispatch that favors that specific decision-maker while
retaining the optimal value of social welfare. On the other hand, the
market-clearing tool might return a different solution, with the same op-
timal social welfare. This result, being a limitation of the diagonalization
approach, can potentially be avoided by following a different approach for
solving the EPEC model, similarly to [70, 90, 75], which solves all models
at a single instance, but comes with higher computational cost. How-
ever, the magnitude of these negative values is not high, and generally
appears for producers that are not scheduled in the competitive model.
On the other hand, as theoretically discussed before, cost-recovery in ex-
pectation is successfully achieved for all producers under the VCG and
competitive model. Lastly, VCG seems to be the most rewarding model
for wind power producer, since its profit under the VCG mechanism is
higher compared to that of the competitive model and, for most cases,
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comparable or higher than the corresponding profit under the strategic
model. Note that wind producer, despite being competitive in all cases,
still gets benefited by the strategic behavior of conventional producers
under the strategic model, since market price is higher due to conven-
tional producers market power. This explains wind producer’s increased
profits for that case.
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Figure 5.8a: Expected profits of producers G1-G5 across different
clearing mechanisms versus different levels of wind power penetration
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Figure 5.8b: Expected profits of producers G6-G9 and wind producer
across different clearing mechanisms versus different levels of wind power
penetration

A similar analysis is also provided for the demands payments in
Fig. 5.9. It is observed that all consumers pay, comparatively, more
in the equilibrium study under the strategic model, as the result of the
higher prices due to strategic offering. It is worth mentioning that VCG,
before redistribution of budget imbalance, also leads to the lowest pay-
ments among the three models, a result which is explained similarly to
the VCG results for producers. Similar to conventional and wind produc-
ers, demands pay for their consumption based on their contribution to
social welfare formation at the optimal point, and not based on a unique
price as in traditional market setups. It is also observed that payments
further decrease as wind penetration increases. This, on the one hand,
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indicates the positive impact of wind power on social welfare but, on
the other hand, results in the increased budget deficit, observed at the
beginning of the section in Fig. 5.5.
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Figure 5.9: Demands expected payment across different clearing mecha-
nisms versus different levels of wind power penetration

Concluding the presentation of the case study, regarding market bud-
get imbalance we initially observed that budget deficit may appear for the
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VCG mechanism and, in fact, the deficit increases along with wind power
penetration. The result is further highlighted by Fig. 5.8a- 5.8b and 5.9,
which show that generation-side revenues are comparatively higher than
demand-side payments, ending up in budget deficit for the market opera-
tor. Considering that demands payments further decrease with increasing
levels of wind generation, the deficit increases as well.

5.3.2 Case Study Considering Transmission Network Constraints

5.3.2.1 Data and assumptions

A large-scale case study based on a modified version of IEEE 24-bus
reliability test system (RTS) is considered, which is differentiated from
[84] in order to better accommodate wind farms [85]. The details and
topology of the network can be found in Appendix B. The case study
considers in total 12 conventional units and 17 demands. Each conven-
tional unit offers at a quantity identical to its installed capacity and at
a given price, which corresponds to its operational cost. In addition
to conventional units, we consider 6 wind power units located at buses
n={3, 5, 7, 16, 21, 23}. Similarly to the previous subsection, a set of
scenarios is considered, which follow a Beta distribution with shape pa-
rameters (a,b)=(5,1), with an initial number of 2,000 wind scenarios [51].
Due to high computational cost, the final number of scenarios is reduced
to three, using the K-means clustering method [89]. The values of the
three scenarios are per unit values of installed capacity; multiplying them
by each producer’s installed capacity we obtain its corresponding wind
power generation, i.e., for each scenario a set of six values are derived
sharing a common probability of occurrence. Furthermore, multiple cases
are evaluated for increasing levels of wind power penetration, similarly to
the case reported in Subsection 5.3.1, scaling up the same wind power sce-
narios. Table 5.6 presents wind power scenario characteristics. Demand
bids are elastic and the value of lost load for all demand is e200/MWh.
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Table 5.6: Characteristics of the Wind Power Scenarios for Aggregate
Wind Generation

Case No. 1 2 3 4 5 6 7 8
Wind Pen. [%] 17 23 27 29 34 36 40 50
Std. [MW] 88 116 139 151 174 185 208 255
Average [MW] 378 498 597 647 747 796 896 1095
Capacity [MW] 450 600 715 775 895 950 1070 1310

5.3.2.2 Results for increasing levels of wind power penetration

Figure 5.10 presents the results for budget imbalance of market in ex-
pectation versus different levels of wind power penetration. As discussed
previously, the stochastic LMP market model was proved to be revenue-
adequate in expectation [28], both for perfect and imperfect competition.
Figure 5.10 indicates that congested network leads to different results for
each model, compared to the case study of Subsection 5.3.1. More specifi-
cally, both competitive LMP and strategic LMP models result in positive
budget imbalance for all levels of wind power penetration. This posi-
tive budget imbalance, which does not appear in market-clearing models
without network constraints, is attributable to “transmission/congestion
rent” [147, 148]. Transmission rent takes a non-zero value if there is at
least one congested line, forming different prices (i.e., nodal LMPs) at
the two nodes connected by that line. This term indicates that a change
in the line features (e.g., susceptance and thermal capacity) can enable
more power exchange between two nodes. In this case, grid operator
makes a revenue due to transmission congestion. For a transmission line
that carries Pn,m power from node n to node m, transmission rent is
defined by the following equation:

Transmission Rent = (λDA
m − λDA

n ) Pn,m. (5.18)

One can view the grid operator as a spatial arbitrager, who buys power
Pn,m at bus n at price λn, and then transfers it to bus m, and sells the
same amount of power at node m at a different price λm. It is obvious
that such a revenue is zero if the nodal price at buses n and m is identical,
i.e., the connecting line of buses n and m is not congested. Thus, the
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grid operator profits this positive budget imbalance due to congestion in
LMP markets.
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Figure 5.10: Budget imbalance of the market in expectation versus dif-
ferent levels of wind power penetration, considering network constraints.
The y-axis value shows the difference of total payments of demand-side
and total revenues of generation-side, i.e., the payments to grid operator
(e.g., in the form of congestion rent) is not considered.

Note that as before, revenue-adequacy in stochastic LMP is guar-
anteed in expectation, but not necessarily for each individual scenario.
Exploring the results of Fig. 5.10, we note that market budget imbalance
in expectation, for both competitive and strategic LMP, is positive, but
decreases with increasing penetration level of wind power. This result is
explained considering (5.18) and the fact that prices, generally, decrease
with the increasing penetration of wind power, as it can be observed by
Tables 5.7 and 5.8, presenting the nodal prices for the LMP mechanisms.
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Table 5.7: Nodal DA Prices [e/MWh] in Competitive LMP versus Wind
Power Penetration

Node Wind Penetration Level [%]
n 17% 23% 27% 29% 34% 36% 40% 50%
1 19.18 14.27 14.00 13.78 13.46 13.46 13.46 13.27
2 19.28 14.33 14.05 13.83 13.50 13.50 13.50 13.32
3 15.85 12.50 12.32 12.17 11.95 11.95 11.95 11.82
4 19.60 14.50 14.21 13.99 13.65 13.65 13.65 13.46
5 19.87 14.64 14.35 14.12 13.77 13.77 13.77 13.58
6 20.27 14.85 14.55 14.31 13.95 13.95 13.95 13.75
7 20.22 14.83 14.52 14.29 13.93 13.93 13.93 13.73
8 20.22 14.83 14.52 14.29 13.93 13.93 13.93 13.73
9 19.86 14.63 14.34 14.11 13.77 13.77 13.77 13.57
10 20.58 15.02 14.71 14.46 14.09 14.09 14.09 13.89
11 23.38 16.62 16.23 15.94 15.50 15.50 15.50 15.24
12 19.00 14.06 13.80 13.58 13.25 13.25 13.25 13.07
13 20.93 14.64 14.40 14.09 13.62 13.62 13.62 13.43
14 28.74 20.18 19.56 19.23 18.72 18.72 18.72 18.35
15 9.510 9.13 9.11 9.10 9.07 9.07 9.07 9.06
16 7.88 7.88 7.88 7.88 7.88 7.88 7.88 7.88
17 6.62 6.62 6.62 6.62 6.62 6.62 6.62 6.62
18 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02
19 9.74 9.26 9.16 9.16 9.16 9.16 9.16 9.12
20 11.35 10.46 10.28 10.28 10.28 10.28 10.28 10.20
21 5.47 5.47 5.47 5.47 5.47 5.47 5.47 5.47
22 5.92 5.92 5.92 5.92 5.92 5.92 5.920 5.92
23 12.24 11.12 10.89 10.89 10.89 10.89 10.89 10.79
24 11.96 10.44 10.35 10.28 10.18 10.18 10.18 10.13

*Note: The expected RT price at each bus is equal to the DA price at the same
bus, under the two-stage stochastic market-clearing model.
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Table 5.8: Nodal DA Prices [e/MWh] in Strategic LMP versus Wind
Power Penetration

Node Wind Penetration Level [%]
n 17% 23% 27% 29% 34% 36% 40% 50%
1 19.55 16.00 14.59 14.00 13.78 13.75 13.42 12.59
2 19.65 16.06 14.63 14.04 13.82 13.80 13.47 12.61
3 16.48 14.13 13.23 12.84 12.24 12.11 11.92 11.81
4 19.94 16.24 14.76 14.15 13.97 13.95 13.62 12.69
5 20.19 16.39 14.87 14.24 14.09 14.09 13.74 12.75
6 20.57 16.62 15.03 14.38 14.28 14.29 13.92 12.84
7 20.52 16.59 15.01 14.36 14.26 14.26 13.90 12.83
8 20.52 16.59 15.01 14.36 14.26 14.26 13.90 12.83
9 20.18 16.39 14.86 14.24 14.09 14.08 13.73 12.75
10 20.85 16.79 15.16 14.49 14.42 14.44 14.06 12.92
11 23.45 18.35 16.33 15.52 15.72 15.82 15.33 13.57
12 19.39 15.92 14.48 13.89 13.69 13.65 13.34 12.54
13 20.14 16.51 14.80 14.16 14.05 14.03 13.70 12.72
14 29.31 21.74 19.00 17.88 18.66 18.97 18.22 15.07
15 10.61 10.57 10.64 10.64 9.32 8.99 9.05 10.33
16 10.01 10.21 10.20 10.05 9.02 8.67 8.75 10.18
17 10.23 10.34 10.01 9.58 9.12 8.78 8.86 10.23
18 10.32 10.40 9.93 9.37 9.17 8.83 8.91 10.26
19 12.23 11.46 11.22 10.97 10.13 9.86 9.85 10.75
20 14.15 12.55 12.12 11.77 11.10 10.90 10.80 11.24
21 10.42 10.45 9.84 9.16 9.22 8.88 8.95 10.28
22 10.34 10.41 9.91 9.33 9.18 8.84 8.91 10.26
23 15.22 13.15 12.61 12.20 11.63 11.47 11.32 11.51
24 12.88 11.95 11.64 11.49 10.45 10.19 10.16 10.90

*Note: The expected RT price at each bus is equal to the DA price at the same
bus, under the two-stage stochastic market-clearing model.

Prices, considering transmission network constraints, are different per
each node in the LMP mechanisms. Apart from the congested lines, i.e.,
those lines connecting nodes (15,21), (14,16) and (13,23), all other lines
are not congested for any wind power penetration level in this case study.
However, the differences in prices among the nodes, observed in Tables
5.7 and 5.8, can also be caused by the coupling among DA and RT prices
induced by the two-stage programming approach [28]. Recall that energy
prices in the stochastic LMP mechanism anticipate probable system con-
ditions in RT stage under different foreseen scenarios and, thus, DA and
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RT prices are strongly coupled. Additionally, in this two-stage stochas-
tic model, DA and RT prices are arbitraged in expectation, i.e., DA and
expected RT prices are equal †. However, these prices are totally dif-
ferent from those obtained in a sequential market-clearing model, i.e., a
model which clears DA market only, without considering potential real-
izations in RT, and then sequentially clears the RT market with fixed
DA decisions [149].

Since VCG pricing is not nodal but per participant, the market budget
imbalance is not directly related to network constraints. From Fig. 5.10 it
is observed that market budget imbalance in expectation can be negative
for low wind power penetration. This is explained by the comparatively
low payments of demands compared to payments made to producers,
both wind and conventional. This outcome changes for VCG cases with
wind penetration from 23% to 40% where demands payments remain on
the same levels; however decreased payments to conventional producers
lead to a positive budget imbalance instead of a negative one. Following
the increasing wind penetration, payments to wind producers also in-
crease and, thereafter, the market expected budget imbalance decreases,
but still remains positive.

For illustration reasons, weighted average prices for aggregate con-
ventional generation, aggregate wind power generation, and aggregate
demands are presented in Fig. 5.11, 5.12 and 5.13, respectively. These
weighted average prices (denoted by λ̂) are the summation of all individ-
ual prices multiplied by the ratio of individual and total traded power in
DA, defined similarly to equations (5.17a)-(5.17c) of the previous subsec-
tion. It is observed that weighted average conventional generation prices
are higher for the VCG mechanism at low wind power penetration and
then become smaller compared to the competitive LMP, while for all
wind power penetration levels, prices under the strategic LMP model are
higher. Regarding wind generation prices, VCG and competitive LMP
lead to small price difference for low wind power penetration, but for in-
creased wind penetration levels competitive LMP leads to higher prices.
Lastly, results for the demand-side prices show that under strategic LMP
prices are higher than both competitive LMP and VCG. Furthermore,

†This is explained by equation (5.3b); in a perfectly competitive market dual
variables σl and σl have zero values due to the non-binding constraints (5.2h).
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for high levels of wind power penetration VCG demand-side prices de-
crease drastically. Note that up to 30% of wind power penetration the
weighted average prices of both wind and conventional generation un-
der VCG decrease, while the corresponding demand-side prices do not
change appreciably. This explains partly the fact that budget imbal-
ance increases, and becomes positive, for these penetration levels since
payments to producers decrease and payments received from demands
remain at the same levels.
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Figure 5.11: Conventional generation weighted average DA market prices
versus different levels of wind power penetration
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Figure 5.12: Wind generation weighted average DA market prices versus
different levels of wind power penetration
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Figure 5.13: Demand-side weighted average DA market prices versus
different levels of wind power penetration

The expected social welfare of the market for increasing levels of
wind power penetration is plotted in Fig. 5.14. As mentioned previously,
incentive-compatible VCG as well as competitive LMP lead to the same
social welfare, due to the truthful submission of costs from the genera-
tion side. In other words, both of them yield identical production and
consumption schedules, but different prices and, thus, payments. Note
that truthfulness is an assumption for the competitive LMP model but a
dominant strategy for the VCG. On the other hand, under the strategic
LMP model, producers offers to the market are not equal to their actual
operational costs, but they are strategic decisions aiming to increase DA
market prices and, thus, individual profits. It is observed again from
Fig. 5.14 that social welfare of strategic LMP is considerably lower than
the other two mechanisms, indicating the anticipated loss in efficiency due
to existing strategies of the price-making producers. Naturally, though,
social welfare increases with the penetration of wind power for all three
market mechanisms.
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Figure 5.14: Market expected social welfare versus different levels of wind
power penetration, considering network constraints. Expected social wel-
fare in both competitive LMP and VCG models is the same since they
end up in identical dispatch results; the only difference is the pricing
scheme used.

Figure 5.15a and 5.15b compare the profits for all participating pro-
ducers for the three different market mechanisms. It is observed that
producers profits are again higher under the VCG mechanism compared
to the competitive LMP. Note that the yellow bars correspond to the
VCG payments before potential uplifts, so they might not be the final
revenues, since an ex-post budget redistribution step might be required
due to negative budget imbalance. Additionally, there are cases, as for
example producers G8 and G9, that producers have zero profits under
the LMP mechanism due to being marginal producers, but their prof-
its under the VCG mechanism are positive. On the other hand, recall
that strategic bidding in the LMP market can violate the property of
cost-recovery, meaning that if producers offer at different levels than
their marginal costs they cannot avoid the risk of negative profits. It
is anticipated though, that since all market participants have the same
information and reach equilibrium, market-clearing should be perfectly
anticipated by producers. However, similarly to the previous case study,
small losses appear for producers due to the existence of multiple avail-
able solutions. In Fig. 5.15a this can be observed for producers G3, G4
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and G5 who face negative profits, although of low magnitude.

17 23 27 29 34 36 40 50
0

500

1000

17 23 27 29 34 36 40 50
0

500

1000

17 23 27 29 34 36 40 50
-500

0

500

17 23 27 29 34 36 40 50
-200

0

200

17 23 27 29 34 36 40 50
-200

0

200

Wind Penetration [%]
17 23 27 29 34 36 40 50

0

20

40

Competitive LMP
Strategic LMP
VCG

Figure 5.15a: Expected profits of producers G1-G6 versus different
levels of wind power penetration, considering network constraints
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Figure 5.15b: Expected profits of producers G7-G12 versus different
levels of wind power penetration, considering network constraints

Figure 5.16 presents the profits of all six wind power producers, W1 to
W6. It is evident that in most cases wind producers earn marginally more
when strategic offering is adapted by conventional producers, leading
to increased prices in strategic LMP. However, VCG is more profitable
for wind producers compared to the competitive LMP, since it leads in
higher profits that depend on the positive impact of wind producers to
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social welfare. Transmission network poses additional constraints for the
exchange of power between nodes, decreasing the positive impact of wind
power on social welfare and, at the same time, reducing payments to wind
producers. Recall that wind producers, despite being competitive in all
cases, they still get benefited by the strategic behavior of conventional
producers under the strategic LMP model, and this explains their higher
profits even under congested network.
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Figure 5.16: Expected profits of wind producers W1-W6 versus different
levels of wind power penetration, considering network constraints
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Demands payments are presented in Fig. 5.17a-5.17c. It is observed
that, generally, consumers pay more under the strategic LMP, similarly
to the case ignoring network constraints. This is the result of increased
prices caused by strategic offering of conventional producers. It is also
observed that demands pay less as wind penetration increases, indicating
the positive impact of wind power on social welfare. The VCG model also
leads to lower payments and, therefore, it is the most beneficial model
for the consumers across all three investigated mechanisms.
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Figure 5.17a: Expected payment of demands D1-D6 versus different
levels of wind power penetration, considering network constraints
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Figure 5.17b: Expected payment of demands D7-D12 versus different
levels of wind power penetration, considering network constraints
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Figure 5.17c: Expected payment of demands D13-D17 versus different
levels of wind power penetration, considering network constraints
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Elaborating more on the result regarding revenue-adequacy, it was
initially presented that negative budget imbalance is very likely to occur
under the VCG mechanism. It should be, however, noted that compared
to the case that excludes network constraints, negative budget imbal-
ance is decreased when congested network is considered. Moreover, it
even becomes positive for increased levels of wind power penetration.
Constraints imposed by transmission lines capacity limits reduce the ac-
tual impact of producers on social welfare, especially for cheap generation
units, which due to congestion cannot be exploited in their highest capac-
ity. Thus, payments to producers are decreased accordingly, compared to
the case excluding network constraints. Similarly, these constraints have
the same effect on the demand-side, whose impact on social welfare max-
imization is decreased, followed by increased payments to the market. To
better illustrate this result, we solve the same market-clearing problem
under VCG, considering increased transmission line capacities in order to
avoid congestion in the network. To this end, Fig. 5.18 presents a com-
parison of demands charges under the VCG mechanism for the case of
congested and uncongested network, while Fig. 5.19 presents a compari-
son of aggregate wind and conventional producers revenues, accordingly.
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Figure 5.18: Demands payments for both congested and uncongested
network, under the VCG mechanism
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Figure 5.19: Aggregate wind and conventional generation revenues for
both congested and uncongested network, under the VCG mechanism

Figure 5.18 shows that demands payments under a congested net-
work are always higher compared to the uncongested network, and the
difference increases for large values of wind penetration, i.e., above 35%.
This is a first indication that under a congested network negative im-
balance is in lower levels, since the received payments from demands are
higher. In parallel, Fig. 5.19 shows that aggregate generation revenues
are higher under a congested network for penetration levels between 15%
and 27%. This is partly balanced by the received high demand pay-
ments, leading to small values of negative budget imbalance. However,
as penetration level increases the impact of producers under congested
network decreases, while the payments received from demands remain on
the same high levels. Thus, the difference between demands payments
and producers revenues becomes higher, resulting in positive budget im-
balance. The case of the uncongested network, though, is different: apart
from the last wind penetration scenario, producers revenues as well as
demands payments do not change considerably versus increasing levels of
wind penetration, maintaining budget imbalance at negative levels. Bud-
get imbalance for the congested and uncongested network is presented in
Fig. 5.20.
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Figure 5.20: Budget imbalance of the market for both congested and
uncongested network, under the VCG mechanism

5.3.2.3 Budget imbalance redistribution under the VCG Mecha-
nism

In this subsection we apply the redistribution scheme presented in Section
5.2.4.6 on the case study considering network constraints. Following the
process already described, we distinguish which market agents have pos-
itive impact towards revenue-adequacy and who have negative impact,
leading to negative budget imbalance. The former should be awarded
and latter charged for their contribution on market budget imbalance.

Based on the aforementioned approach we present the results for the
explored case study with network constraints. Figure 5.21 presents the
results of the corrected budget imbalance following the redistribution ap-
proach and compares it with the competitive LMP and the VCG before
redistribution. Regarding the resulted budget imbalance, we observe that
the negative budget imbalance for low wind power penetration levels is
fully recovered after redistribution, and it became positive. Furthermore,
rewarding market agents that contribute towards revenue-adequacy leads
to decreased budget imbalance for the case where revenue-adequacy was
met prior redistribution. As mentioned before, LMP markets are charac-
terized by positive budget imbalance in congested networks, which cor-
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respond to the payments received by the grid operator. However, the
definition of the payments to the grid operator under a VCG mechanism
exceeds the scope of this study. Thus, the resulted positive budget im-
balance of the proposed redistribution mechanism, should only be seen
as a better approximation of budget balance while ensuring the proper-
ties of the market, i.e., revenue-adequacy, cost-recovery and incentive-
compatibility.
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Figure 5.21: Budget imbalance in expectation after redistribution ver-
sus different levels of wind power penetration, considering network con-
straints.

Figures 5.22a - 5.22b present the profits of conventional producers,
after applying the aforementioned budget redistribution approach. It is
observed that producers G1 and G2 are mostly affected by the redistri-
bution scheme and their profits decrease to levels lower than the compet-
itive LMP mechanism, but only for the lowest wind power penetration
scenario. Both producers have increasing profits for all other scenarios
of wind power penetration. Moreover, most producers still benefit from
the VCG model after redistribution compared to the competitive LMP.
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Figure 5.22a: Expected profits of producers G1-G6 after the re-
distribution of budget imbalance versus different levels of wind power
penetration, considering network constraints
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Figure 5.22b: Expected profits of producers G7-G12 after the re-
distribution of budget imbalance versus different levels of wind power
penetration, considering network constraints
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Regarding wind producers profits after the redistribution, it is ob-
served in Fig. 5.23 that wind producers participate the least to the re-
distribution scheme and, thus, their profits do not change considerably.
Generally, wind producers still benefit by the VCG model after redistri-
bution.
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Figure 5.23: Expected profits of wind producers W1-W6 after the re-
distribution of budget imbalance versus different levels of wind power
penetration
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Finally, regarding demands payments, as presented in Fig. 5.24a-
5.24c, it is observed that some demands, e.g., D14, D15 and D16, have
slightly increased payments after redistribution for low wind penetration
levels but the opposite for higher penetration levels. In general all de-
mands are due to lower payments under the VCG after redistribution
compared to the competitive LMP.
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Figure 5.24a: Expected payment of demands D1-D6 after the re-
distribution of budget imbalance versus different levels of wind power
penetration, considering network constraints
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Figure 5.24b: Expected payment of demands D7-D12 after the re-
distribution of budget imbalance versus different levels of wind power
penetration, considering network constraints
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Figure 5.24c: Expected payment of demands D13-D17 after the re-
distribution of budget imbalance versus different levels of wind power
penetration, considering network constraints
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Note that the investigated redistribution mechanism succeeds in a fair
way to offer a general approach for distinguishing which agents should
be charged or rewarded based on their contribution towards revenue-
adequacy. However, the solution approach for calculating the exact re-
distribution payment is only applicable when there are agents whose
absence from the market can change the condition of budget imbalance
from being negative to being positive. This is not the case, however,
for the uncongested network and other approaches should be followed
thereafter.

5.3.3 Computational Performance

This subsection offers an insight to the computational needs of the two
case studies. For the needs of this chapter we have used CPLEX under
GAMS associated with Matlab R2015b on a Windows 8.1, 64-bit op-
erating system with 2 cores processor, running at 2.4 GHz and 12 GB
of RAM. The case studies of this chapter are computationally demand-
ing, while the computational times are also multiplied by the number of
different wind power penetration levels.

Table 5.9: Computational Times

Excluding Transmission
Network Constraints
(10 scenarios)

Including Transmission
Network Constraints
(3 scenarios)

Competitive LMP 0.3 sec. 0.4 sec.
Strategic LMP 480 sec. 623 sec.
VCG 5 sec. 7.2 sec.

*Note: Computational times in this table refer to simulations for a single wind
penetration level.

The computational times are presented in Table 5.9. Similarly to
Chapter 4, the most demanding model is the strategic LMP, which re-
quires also multiple iterations until it reaches the equilibrium point. More
specifically, for the first case study, i.e., excluding network constraints,
the strategic LMP required 480 sec. which is significantly higher than the
corresponding computational time of the two-stage stochastic model of
the competitive LMP. Lastly, the computational needs of the VCG mar-
ket mechanism is slightly increased compared to the competitive LMP,
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mainly because in order to define agents payments the two-stage opti-
mization problem has to be solved a number of times equal to the num-
ber of participating agents. However, the computational time remains in
comparatively efficient levels.

On the other hand, computational needs considering the transmission
network in the market-clearing process increases drastically. For this
reason, the number of wind power scenarios considered in this case were
reduced to three instead of ten in the unconstrained case study. The
solution of the corresponding strategic LMP was 623 sec. for a single
wind penetration level. The corresponding computational times for the
competitive and VCG models are significantly lower. Even though the
reduced computational time of the competitive and the VCG models
allows the use of more scenarios, all models were solved with identical
sets of scenarios for comparative reasons.

In this chapter, we use an iterative diagonalization approach, which
is simple but at the risk of not converging in the predefined number of
iterations. One sort of alternatives is to augment the current diagonal-
ization technique by increasing the number of iterations and/or provid-
ing different starting points. Another alternative is to use non-iterative
equilibrium solution techniques (e.g., in [70]), but at the cost of increased
complexity. However, this approach was avoided for both its complexity
and its higher computational cost, being also consistent with the method
used in Chapter 4.

5.4 Summary and Conclusions

Driven by the importance of electricity market efficiency and competi-
tiveness, this work introduces an incentive-compatible mechanism under
a stochastic two-stage market setup, which aims at increasing compet-
itiveness in markets with high penetration of wind power. Given that
strategic behaviors can arise under the LMP market mechanism, we in-
vestigate a VCG-based market-clearing mechanism and extensively com-
pare it with the LMP mechanism under both perfect and imperfect com-
petition. The VCG mechanism has the ability to induce truthful offers
from participants, solving the problem of strategic offering which brings
losses in market efficiency. However, both mechanisms come with a set of
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advantages and disadvantages with respect to market operation, which
are explored and reported in this study.

The results of this extensive analysis lead to a number of conclu-
sions that contribute to a better understanding of the aforementioned
mechanisms. Table 5.10 attempts to gather and compare the three anal-
ysed models, with respect to the most valuable properties of the market,
namely market efficiency, cost-recovery, revenue-adequacy and incentive-
compatibility. Elaborating on these results and Table 5.10, we conclude
that:

• A perfectly competitive LMP mechanism is anticipated to comply
with the first three properties, capitalizing however on the assump-
tion of truthfulness and perfect competition. This is an ideal mar-
ket mechanism used as a benchmark, which in practice does not
exist. Thus, the mechanism is not incentive-compatible, providing
the capacity for producers to exercise market power.

• Producers, being profit-maximizing and self-interested entities, will
take advantage of their ability to exercise market power and, there-
fore, the LMP will more likely take the form of the investigated
strategic LMP model. The latter, as expected, results in decreased
market efficiency and, obviously, is not incentive-compatible. How-
ever, it still remains revenue-adequate in expectation ensuring that
there is no budget deficit for the market operator. Moreover, cost-
recovery can be ensured in the equilibrium if all information of the
market are perfectly known by all participants. This is usually not
realistic and producers that act strategically do not avoid the risk
of facing negative profits due to their strategies.

• The VCG mechanism is incentive-compatible, which leads conse-
quently to maximum market efficiency. The mechanism addition-
ally ensures cost-recovery for all participants, by paying them pro-
portionally to their impact on social welfare formation at optimal
point. However, it fails to ensure revenue-adequacy in expectation,
which mandates an ex-post solution (e.g., in the form of uplift-
ing mechanisms as it is common in U.S. traditional LMP markets
[150, 151]) for compensating the potential negative budget imbal-
ance.
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Table 5.10: Comparison of Mechanisms and Market Properties

Competitive
LMP*

Strategic
LMP

VCG

Market Efficiency (in exp.) 3 7 3

Cost-Recovery (in exp.) 3 3 3

Revenue Adequacy (in exp.) 3 3 7

Incentive Compatibility 3(assumed) 7 3

*Ideal model, used as benchmark.

Furthermore, the main conclusions of the study, for a network-
constrained market, can be summarized by the following points:

1. VCG achieves through incentive-compatibility maximum social
welfare, equal to the ideal competitive LMP model. Strategic LMP
mechanism, on the other hand, due to the appearance of strategic
behaviors leads to reduced social welfare. Lastly, for all models, so-
cial welfare increases along with the increasing penetration of wind
power.

2. Both conventional and wind producers profits, before redistribu-
tion of budget deficit, are higher in the VCG mechanism compared
to competitive LMP but, in many cases, producers are still better
under a strategic LMP setting. Note that strategic behaviors are
eliminated under the VCG model. Conventional producers prof-
its generally decrease for all models as wind power penetration
increases.

3. Demand payments are, generally, lower under the VCG mechanism
compared to the LMP under both competitive and strategic set-
tings, a condition that indicates that consumers are benefiting from
an incentive-compatible mechanism.

4. The VCG market mechanism may lead to a negative budget imbal-
ance, in contrast to the LMP mechanism under which a resulted
positive budget imbalance is attributable to the so-called congestion
rent. For a network-constrained market, it is numerically concluded
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that the negative budget imbalance under the VCG decreases and
becomes a surplus, as the penetration of wind power increases.

5. Comparing the results between a market that considers network
constraints and one that does not, it is noted that VCG mecha-
nism budget deficit becomes smaller when network constraints are
enforced. Excluding network constraints from the market-clearing
model, LMP leads to zero budget imbalance, while the VCG model
leads always in negative budge imbalance, i.e., budget deficit, which
further increases with the increasing penetration of wind power.
This outcome, related to physical constraints, is the result of the
decreased impact of each agent due to constraints imposed by the
capacity of lines. Thus, when network constraints are not con-
sidered, generation-side prices are always higher compared to the
competitive LMP and demand-side prices are always lower, which
is not the case for a network-constrained market.

6. Finally, a potential solution approach for recovering revenue-
adequacy under the VCG mechanism is proposed, based on the
contribution of each agent on budget imbalance. The approach of-
fers a solution for distinguishing which participants have a negative
or positive impact on budget balance, charging or rewarding them
respectively, in order to decrease budget imbalance. For a large case
study considering transmission constraints, it was concluded that
the budget redistribution scheme can achieve partial or, even, full
recovery of revenue-adequacy without affecting cost-recovery, effi-
ciency or incentive-compatibility, being at the same time beneficial
for most market agents.

Acknowledging that a perfectly competitive LMP market is not real-
istic, given the self-interested nature of market participants, it is obvious
that efficiency loss in the strategic LMP setup should not be neglected.
The VCG-based approach manages to increase market efficiency to the
levels of the perfectly competitive LMP mechanism, being attractive to
power producers by increasing their profits and to consumers by decreas-
ing their payments. However, it comes with the drawback of potential
budget deficit. Potential solutions to cope with budget deficit include
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either ex-ante or ex-post approaches, which aim at recovering revenue
loss by market participants.

5.5 Future Perspectives

This chapter has introduced a VCG-based electricity market mechanism,
which is adapted in a stochastic two-stage electricity market and eval-
uated versus both perfect and imperfect LMP market settings. It is of
our future research interest to investigate different approaches for coping
with the main drawback of the VCG market mechanism, its inability to
guarantee revenue-adequacy. To this end, it is of interest as well to inves-
tigate a mechanism for estimating payments to the grid operator under
congested network which will correspond to the congestion rent under the
LMP market. Furthermore, this study can be associated with the con-
cept of sharing wind power forecasts in electricity markets, as discussed
already in Chapters 2 and 4. More specifically, instead of the volun-
tary publication of wind forecasts, it is of great interest to investigate an
incentive-compatible mechanism that motivates stochastic producers to
reveal their generation forecast.

5.6 Chapter Publications

This chapter has led to the following working articles to be submitted
for publication:

• L. Exizidis, J. Kazempour, A. Papakonstantinou, P. Pinson, Z.
D. Grève, and F. Vallée, An Incentive-Compatible Two-Stage
Stochastic Electricity Market: Benefits and Costs, working paper.

• L. Exizidis, J. Kazempour, A. Papakonstantinou, P. Pinson, Z.
De Grève, and F. Vallée, Application of VCG Mechanism on a Two-
Stage Stochastic Electricity Market Accommodating a Revenue-
Adequacy Recovery Scheme, working paper.



Chapter 6

Global Conclusions, Contributions and Future
Perspectives

This chapter provides a summary and highlights the most interesting
conclusions and contributions that this research work has led to. Fur-
thermore, answering a research question will always give birth to multiple
new ones and, therefore, in this chapter we present future perspectives
and related research questions, which can capitalize on the results and
design of this thesis and take it a step forward.

Summary

The main goal of this PhD dissertation is to evaluate the importance of
information availability in electricity markets with high penetration of
wind power. Modern electricity pools are big arenas for the competition
of producers and consumers, all aiming at maximizing individual inter-
ests. Motivated by the fact that possession of qualitative information can
impact the operation and efficiency of a market, we investigate a number
of market setups where market agents make use or share different kinds
of information.

More specifically, in Chapter 2 we investigate a two-stage stochas-
tic market-clearing mechanism that co-optimizes DA and RT markets,
considering the participation of a large wind power producer that acts
strategically. Under this context, a three-step evaluation framework is
designed which aims at exploring the benefits of sharing wind power
forecasts among different actors and consists of: i) the optimization of
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wind producer’s offering strategy, ii) clearing of the stochastic two-stage
market and, finally, iii) an extensive out-of-sample assessment for RT
market-clearing, exploring the benefits of the sharing scheme based on
unforeseen wind power scenarios. The aforementioned evaluation frame-
work offers a numerical insight into how sharing valuable information
about the expected wind power generation can potentially decrease total
system cost. Under a similar market setup, in Chapter 3 we investigate
how the uncertainty pertaining to a second price-taking wind power pro-
ducer can impact the decisions and profits of the strategic wind power
producer as well as the total system cost.

Chapter 4 is motivated by recent decisions and regulations in a pan-
European level for increasing market transparency and publishing infor-
mation related to aggregate wind power forecasts. This, in addition to
the presence of strategic behaviors in electricity pools, motivates the work
of this chapter which considers a non-cooperative game to represent the
DA market with increased wind power generation and multiple partici-
pating producers. Under such context, we evaluate the impact of public
aggregate wind power forecasts, ranging from very small to very high
magnitudes, in a market where all producers are price-makers, naturally
following an equilibrium study.

Lastly, the aforementioned presence of strategic behaviors in electric-
ity markets leads to misinformation regarding generation costs or con-
sumption utility, which inevitably impacts market efficiency. The scope
of Chapter 5 is to examine extensively a new approach for incentive-
compatible market-clearing mechanisms, under which submitting truth-
ful information would be the dominant strategy for each producer and
consumer. To this end, VCG payment scheme is adapted to a stochastic
electricity market setting and comprehensively explored. The results of
the VCG-based model are then compared and evaluated versus a stochas-
tic LMP model, under both perfect and imperfect competition.

Global Conclusions and Contributions

In this section we present the most important conclusions and contribu-
tions of Chapters 2 to 5. Each chapter of this thesis focuses on specific
setups and sets well-defined objectives, based on specified features and
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methodologies. However, the common ground of all chapters is the eval-
uation of the importance of information, and their status being private
or shared, in markets with increased wind power penetration.

This thesis proposes a three-step framework that enables the impact-
assessment of sharing wind power forecasts in electricity markets. Mo-
tivated by the fact that different actors may have considerably different
wind power forecasts for their decision-making problems, it is anticipated
that sharing these private information can potentially impact market out-
comes as well as individual agents objectives. Indeed, the results of the
presented case study indicate that sharing wind forecasts between a wind
producer and the market operator can potentially decrease the market
cost under high wind penetration levels. Additionally, it leads to in-
creased profits for the wind producer, as the result of better-informed
DA schedules or increased market power. The outcomes of this study
highlight the interest for a potential parallel market, where agents could
trade or obtain relevant information in order to optimize their objectives.

The setup of the aforementioned study considers a single wind power
producer that carries all the uncertainty in the market. As a further
step, in Chapter 3 an extended setup is considered; the market con-
sists of a strategic wind power producer as well as an additional wind
power producer who behaves competitively. The study is procured from
the strategic producer’s point of view, anticipating the rival wind power
generation based on a wind power forecast. It is concluded that the ad-
ditional source of uncertainty has a significant impact on strategic wind
producer’s decision-making as well as on market outcomes. More specif-
ically, the price-maker producer is found to exercise more market power
when the expected generation of the rival is relatively low. Furthermore,
energy prices increase significantly as a result of the increased market
power, since strategic producer withholds a part of its generation in or-
der to increase market prices for own benefit. It is, thus, apparent that
a stochastic agent should not account only for its own stochasticity but
for its rivals as well.

The first two chapters of the thesis indicate, already, the increased
importance of forecast information in a market with high wind power
penetration. More precisely, acquiring qualitative wind power forecasts
for both own and rivals generation is crucial for all market agents, in-
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cluding the market operator. Motivated by the aforementioned results
and the increased worldwide interest for transparency in the market and
publication of market-related information, we assess in Chapter 4 the
potential impact of public aggregate wind power forecasts on electricity
market outcomes and agents’ objectives. Despite being informative, the
first two chapters are built on the assumption that only a single producer
might exercise market power, having perfect knowledge of its rivals of-
fers. This limitation is bypassed in Chapter 4, by considering a more
complex setup where multiple producers might have market power. The
results of the case study indicate that in a market where all producers
consider a public aggregate forecast in their strategy, social welfare may
increase considerably for low values of aggregate forecast. Additionally,
energy prices become zero and producers might face negative profits as a
result of the low quality of information. Results indicate that efforts for
the publication of forecast-related information should be accompanied by
high qualitative standards, otherwise the vision of an improved market
operation might be jeopardized.

Strategic behaviors under the presence of increased stochastic power
generation in the market, have been investigated in the first part of the
thesis in order to offer an understanding of the impact of information-
availability in non-cooperative market setups. These results, along with
relevant studies in the literature, increase the interest for strategy-proof
market mechanisms and motivate the second part of this thesis. There-
fore, an incentive-compatible mechanism is explored, in order to cope
with the main shortcoming of the traditional market mechanism, which
is being vulnerable to strategic behaviors. To this end, VCG auction
is adapted on a stochastic electricity market and it is concluded that
incentive-compatibility, efficiency and cost-recovery are possible to ob-
tain, but might come on the expense of budget imbalance. More pre-
cisely, VCG achieves maximum efficiency, while in most cases it is ben-
eficial for all market players, i.e., producers and demands. However,
excluding network constraints VCG leads always to budget deficit that
increases with wind power penetration. The corresponding results for an
LMP market, considering DC power flow, indicate smaller budget deficit
observed only for low wind penetration levels. Finally, a redistribution
mechanism is explored that manages to recover revenue-adequacy in the
market, retaining at the same time the most important market proper-
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ties, by charging or rewarding agents based on their contribution towards
revenue-adequacy.

As already elaborated, the purpose of this study is to indicate the
impact of information in modern markets, that are characterized by in-
creased uncertainty and multiple sources of information. Albeit results
should be interpreted accounting for the assumptions and limitations of
the accommodated mathematical tools, the main outcomes and the fol-
lowed approaches offer valuable insights that can assist decision-makers.
Regulators and various stakeholders can exploit similar approaches, to-
wards the design of transparent electricity markets with increased oper-
ational efficiency. With respect to the increasing needs for information
and optimal data-handling, electricity markets are no different from any
other operational process today. That said, it is expected that the better
coordination among various agents, the benefits of exchanging qualita-
tive information and taking steps towards the improvement of the current
market design would certainty lead to improved market functioning and
transparency, in markets with high penetration of stochastic power gen-
eration.

Future Perspectives

The work of this thesis has highlighted various challenges regarding infor-
mation in electricity markets and motivates future research paths. Thus,
we can summarize in this section the various open research questions that
can capitalize on this dissertation and take it a step forward.

The problems of the first part of this thesis have been investigated
by representing the market as a non-cooperative game with complete
information. This approach offers an insight of market functioning and
agents’ decision-making at the equilibrium of the game, where each agent
has perfect knowledge of the strategies of rivals. However, a more real-
istic setup would suggest that this kind of information are not generally
available and agents’ information are rather imperfect, obtained based on
their past experience and forecasts of rivals actions. Thus, it would be
interesting, instead of deterministic perfect information of rivals actions,
to account for a stochastic approach where each agent has only knowl-
edge regarding the distribution of its rivals’ actions. More precisely, this
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can be constructed as a game of incomplete or imperfect information
where each market agent is characterized by a “type” that corresponds
to its strategy. Each type is associated with a different probability, while
the distribution function of the types is considered known by all agents.
Even though the knowledge of the distribution is still an assumption,
this Bayesian approach would be closer to reality where agents indeed
have forecasts of the rivals’ actions but not the actual actions, thus being
compliant with information being available but not perfect. A Bayesian
Nash equilibrium can then be defined as a strategy profile of the agents’,
which maximizes the objective of each agent given its beliefs regarding
other agents’ types as well as the actual strategies followed by them. This
approach can offer a less stringent solution of the game in the sense that
perfect information is not required, however it is followed by increased
complexity both on the modeling side as well as on the interpretation
of the results, which should be analyzed in expectation with respect to
agents’ types. Bayesian games are sparsely studied in the context of
electricity market and offer a promising field for research.

The concept of sharing information in electricity markets, as investi-
gated in Chapter 2, but also indirectly in Chapters 3-4, can be associated
with ongoing research advances on trading information in other scientific
domains, such as in [91, 92], towards the construction of “information”
and “prediction” markets. In markets with high trading volumes like
the energy market, prices do not only reflect the costs of generation but
also an increased amount of information about uncertain features of the
market, which are more accessible to some agents and less to other. Ob-
taining this information is an arduous task, since no agent would be
willing to share the strategic advantage of qualitative information, that
it may have. Thus, social welfare and individual objective optimization
depends greatly on the quality and availability of information. Research
in this field should answer questions regarding, for example, the value of
wind power forecasts in the market, or the value of information regard-
ing future market prices and fuel prices, which is associated not only to
market participation but to investment decisions as well.

In the second part of the thesis, an incentive compatible mecha-
nism has been explored for electricity markets with high shares of wind
power. It has been concluded that the main shortcoming of the VCG auc-
tion under the context of an electricity market is its inability to ensure
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revenue-adequacy. To this end, a redistribution mechanism has been
suggested which is, however, not proved to always guarantee revenue-
adequacy or budget balance. Defining such a mechanism is a difficult
task, which has not yet been answered in the literature for two-sided
markets. Thus, a special focus should be directed towards designing a
redistribution approach that can guarantee market principles, offering a
solution that would lead to the lowest possible budget imbalance. In
network-constrained electricity markets this should be, as well, associ-
ated with a mechanism for estimating congestion-rent as a payment to
the grid owner, which is naturally associated with budget imbalance since
it comprises part of the market budget.

Apart from the aforementioned wider research questions, there are
also some technical improvements that can be made regarding specific
modeling assumptions and features of this thesis. More precisely:

1. This thesis considers a single-hour auction ignoring inter-temporal
constraints. However, investigating agents payoffs on a longer-
term time horizon would be impacted by the consideration of inter-
temporal constraints. Thus, it is of future interest to include this
impact on the models and, potentially, associate it with state-of-
the art forecasts for multiple time-steps ahead. This would, addi-
tionally, account for the anticipated varying magnitude of forecast
errors, as a result of the different forecast horizons.

2. The topics of Chapters 2 and 3 can be further extended to include
multiple strategic wind and conventional producers with different
individual forecasts. To the case that these forecasts are consid-
ered private information, this would eventually relate to a game of
incomplete information, as discussed previously.

3. In Chapter 4, wind power was offered deterministically to the mar-
ket based on a forecast, even though uncertainty around forecasts
and RT prices was additionally considered. It is of future interest to
investigate how aggregate forecasts would impact the results under
a stochastic two-stage market setup, similar to the ones presented
in Chapters 2, 3 and 5, where DA and RT markets are co-optimized.
Furthermore, given that wind power forecasts are private informa-
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tion for each individual, Chapter 4 can also be approached by a
Bayesian game, to cope with the missing information problem.

4. Finally, regarding Chapter 5, the study can be extended to include
producers being also price-makers in the RT market under a game
with perfect information. Furthermore, considering wind power
producers being price-makers, motivates the research of incentive-
compatible mechanisms to induce private wind power scenarios
from wind producers.
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Appendix A

Mathematical Background

In this appendix we give the basic definitions and information around
the mathematical background of the dissertation. The greatest part of
this appendix is based on book [2] and references [62, 68, 152, 153, 154],
to which the reader can refer for a more detailed reading.

A.1 Optimization Problems

An optimization problem in its most common form is the problem of
maximizing or minimizing a real function with respect to a variable which
takes values within an allowed set. A simple optimization problem is
formulated as:

Minimize
x

f(x) (A.1a)

subject to

h(x) = 0 (A.1b)

g(x) ≤ 0 (A.1c)

where x ∈ Rn is a vector including the n decisions, f(.) : Rn → R is the
objective function of the optimization problem. Typically the objective
function represents the minimization of cost or maximization of profit.
Function h(.) : Rn → Rm is vector-valued function of the decision
vector x and defines m equality constraints. Lastly, g(.) : Rn → Rl is
vector-valued function of the decision vector x and defines l inequality
constraints.
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By convention, the standard form of an optimization problem de-
fines a minimization problem and, thus, a maximization problem can be
replaced by negating the objective function. The joint enforcement of
equalities and inequalities defines the feasibility region of the optimiza-
tion problem. A decision x is feasible if it satisfies (A.1b)-(A.1c). The
aim of optimization problem (A.1) is to determine, among the set of
feasible decisions, the one that minimizes objective function (A.1a).

If f(.), h(.) and g(.) are linear, then the optimization problem is a
linear programming problem (LP) and can be formulated as:

Minimize
x

c> x (A.2a)

subject to

AE x = bE (A.2b)

AI x ≥ bI (A.2c)

where the general functions f(.), h(.) and g(.) are replaced by affine
expressions involving c ∈ Rn being the cost coefficient of the decision
vector x, AE ∈ Rm×n and bE ∈ Rm which define the m equality con-
straints and, finally, AI ∈ Rl×n and bI ∈ Rl which define the l linear
inequality constraints.

A.2 Duality in Linear Programming

Given any linear problem, called primal problem, there is another related
linear problem called the dual. The dual problem provides an upper
bound to the optimal value of the primal problem and for the primal
(A.2) is formulated as below:

Maximize
λ, µ

b>E λ+ b>I µ (A.3a)

subject to

A>E λ+ A>I µ = c (A.3b)

µ ≥ 0 (A.3c)
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where λ ∈ Rm is a vector associated to the equalities (A.2b) and µ ∈ Rl

is a vector associated to the inequalities (A.2c).

Between the primal and the dual problems the following relationship
holds:

• The primal problem has n decision variables and m+ l constraints
while the dual problem has m + l decision variables and n con-
straints.

• Constraints (A.3b) of the dual problem involve the transposed of
the matrices AE and AI defining the constraints (A.2b)-(A.2c) of
the primal problem.

• The constant vectors bE and bI of the primal problem form the cost
coefficients of the dual linear objective function (A.3a).

• The cost coefficient vectors c of the primal objective function ap-
pear on the right-hand side of the dual constraints (A.3b).

The direction of optimization (minimization or maximization), the
sign of the constraints (≥,=,≤) and the bounds on the variables (≥ 0,
free or ≤ 0) for the primal and the dual problem are linked. Specifically,
the direction of the dual optimization problem is opposite to the one of
the primal one. Furthermore, the signs of the primal constraints set the
bounds on the associated dual variables and, conversely, the bounds on
the primal variables set the signs of the dual constraints [2].

Finally, note that the dual of the dual problem is the primal problem
[152]. The objective function values of the primal and dual problems
are related to each other through the so-called weak and strong duality
theorems, which are presented bellow without proof.

Theorem A.1. Weak Duality: If x is feasible for (A.2), and λ, µ are
feasible for (A.3), then c> x ≥ b>E λ+ b>I µ.

Theorem A.2. Strong Duality: If the primal problem has a finite opti-
mal solution x∗, so does the dual problem and at optimality it holds that
c> x∗ = b>E λ∗ + b>I µ∗.
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Note that λ and µ represent the per-unit change (increase) in the
optimal value of the objective function (A.2a) if the right-hand side of the
associated constraint is increased marginally. Naturally, µ ≥ 0. Indeed, a
marginal increase of any element of the vector bI would result in a smaller
feasible space for (A.2), and hence in a larger, i.e., worse, optimal value
of the objective function.

A.3 Karush-Kuhn-Tucker Conditions

In this section we will describe the Karush-Kuhn-Tucker conditions for
convex problems only, which is related to the problems of this disser-
tation. For a more complete overview of this topic, see [155]. Let us
consider the general formulation (A.1), and suppose that f(.), g(.) are
continuously differentiable and convex, and h(.) is affine.

The Lagrangian function for (A.1) is defined as follows:

L(x, λ, µ) = f(x) + λ> h(x) + µ> g(x) (A.4)

Given the Lagrangian (A.4), the KKT conditions presented below are
necessary and sufficient for optimality for problem (A.1). Note that con-
straint qualifications ensure that KKT are necessary for optimality, while
convexity ensures sufficiency.

∇xf(x) + λ>∇xh(x) + µ>∇xg(x) = 0 (A.5a)

h(x) = 0 (A.5b)

g(x) ≤ 0 (A.5c)

µ ≥ 0 (A.5d)

µ>g(x) = 0 (A.5e)

Equations (A.5a) are stationary conditions. Constraints (A.5b)-
(A.5c) enforce the feasibility of the primal problem, while (A.5d) is a
feasibility condition of the dual problem. Finally, (A.5e) enforces com-
plementary slackness. The term complementary slackness refers to a re-
lationship between the slackness in a primal constraint and the slackness
(positivity) of the associated dual variable. In the aforementioned case,
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constraint (A.5e) implies that the element-by-element product between
µ and g(x) is equal to zero. The terms (A.5c)-(A.5e) are compacted
throughout this report into the following nonlinear contraint:

0 ≥ g(x) ⊥ µ ≥ 0 (A.6)

where the ⊥ (perpendicular) operator enforces the perpendicular con-
dition between the vectors on the left- and right-hand sides, i.e., their
element-by-element product is zero.

A.4 Bilevel Programs and Mathematical Programs with
Equilibrium Constraints (MPEC)

Mathematical programs with equilibrium constraints are first reported in
[153] and have been widely applied to electricity markets [4, 70, 71, 72,
74, 119, 132]. MPECs are constrained optimization problems where the
constraints include variational inequalities or complementarities and are
closely related to the Stackelberg games [154]. There are several avail-
able methods to solve MPECs, the most popular of which are sequential
quadratic programming [67], pertubation and penalty methods [156, 157],
interior point methods [158] and relaxation methods [159, 160, 161]. How-
ever, due to the non-convex nature of MPECs, methods like the afore-
mentioned cannot guarantee optimality. Therefore, the linearization of
MPECs and its transformation into a Mixed Integer Linear Programming
(MILP) model can lead to a model that could be solved by standard
branch-and-cut solvers. This linearization approach without approxima-
tion was used in all chapters of this dissertation.

Bilevel problems [162] are a special class of optimization problems
with two levels of optimization task. The outer optimization task is
commonly referred to as the upper-level optimization task, and the inner
optimization task is commonly referred to as the lower-level optimization
task. Recent paper [163] provides an overview of the various formulations
of non-cooperative games, including the theoretical foundations, classifi-
cation and main techniques for solving bilevel games and their applica-
tions to power systems. MPECs are closely related to bilevel programs
since cases of bilevel programs can be formulated as an MPEC, i.e., the
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Stackeberg game [154]. These problems involve two kinds of variables,
referred to as the upper-level variables and the lower-level variables. The
importance of bilevel optimization in most markets and industries is ev-
ident by the fact that related decision processes are two-stage processes,
e.g., the first stage being the firm’s profit maximization and the sec-
ond stage being the optimization of operational constraints. Therefore,
bilevel programming is gaining more and more attention in operations
research. Regarding electricity markets, bilevel problems are becoming
very popular for a large variety of problems, such as pricing electricity
in an environment with wind producers [28], defining equilibrium mod-
els for electricity markets with wind generation [62], evaluating offering
strategies for wind producers in a pool [68] and so on.

The general formulation of a bilevel optimization problem is the fol-
lowing:

Minimize
x,y

fU(x, y) (A.7a)

subject to

gU(x, y) ≤ 0 (A.7b)

hU(x, y) = 0 (A.7c)

y ∈ arg minimize
z

{ fL(x, z) (A.7d)

subject to

hL(x, z) = 0 (A.7e)

gL(x, z) ≤ 0 (A.7f)

}. (A.7g)

Formulation (A.7) includes two optimization problems: an upper-
level one that aims at the minimization of fU(.) and a lower-level one that
aims at the minimization of fL(.). The two problems are interdependent,
since in general the upper-level objective function and constraints depend
on the lower-level decision variables y. Conversely, the lower-level objec-
tive function and constraints depend on the upper-level variable vector
x. Model (A.7d)-(A.7f) can accomodate several lower-level optimization
problems, simply by concatenating multiple optimality conditions of the
type (A.7d)-(A.7f).
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Under the assumption that KKT conditions are necessary and suffi-
cient for optimality in the lower-level problem, we can employ them to
replace (A.7d)-(A.7f). This results in the following formulation for the
bilevel problem:

Minimize
x,y,λ,µ

fU(x, y) (A.8a)

subject to

gU(x, y) ≤ 0 (A.8b)

hU(x, y) = 0 (A.8c)

∇yf
L(x, y) + λ>∇yh

L(x, y) + µ>∇yg
L(x) = 0 (A.8d)

hL(x, y) = 0 (A.8e)

gL(x, y) ≤ 0 (A.8f)

µ ≥ 0 (A.8g)

µ>gL(x, y) = 0. (A.8h)

where λ and µ represent the dual variables associated to constraints
hL(x, z) = 0 and gL(x, z) ≤ 0, respectively, in the lower-level problem
(A.7d)-(A.7f).

The advantage of this formulation is the replacement of the nested
lower-level problem with a set of equations and inequalities, which results
in a single-level optimization problem that fits the general formulation.
However, KKT conditions are in general nonlinear and non-convex, as
they involve cross-products between variables in the complementarity
condition (A.8h). We cope with these two non-linearities with two differ-
ent methods: (i) the Big-M approach [79, 80] and (ii) the SOS1 method
[66, 120], which are described below.

A.4.1 Linearization of Complementarity Constraints

A.4.1.1 Big-M method

The approach that is used in Chapters 2 and 3 in order to linearize
the corresponding MPEC models is based on the so-called Big-M refor-
mulation of the complementarity conditions, employing binary variables
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[79, 80]. Under this reformulation we replace conditions of the form:

µi g
L
i (x, y) = 0 (A.9)

by the following:

gLi (x, y) ≥ −ui M1i ∀i (A.10a)

µi ≤ (1− ui) M2i ∀i (A.10b)

ui ∈ {0, 1} ∀i. (A.10c)

The constants M1i and M2i must be large enough so as not to leave
the optimal solution out of the feasible space and not too large as they
may result in computational inefficiencies in the solution of the resulting
MILP. Observing the reformulations above, it is straightforward to show
that constraints (A.10a)-(A.10c) are equivalent to (A.9). However, Big-M
method follows an engineering approach in the sense that the appropriate
values of the M have to be researched each time a problem is solved,
which is specifically hard for a problem that is solved iteratively multiple
times. Thus, in Chapters 4 and 5 we are using a different method that
lifts this constraint, i.e., the SOS1 method.

A.4.1.2 SOS1 method

Despite its ease, the Big-M approach comes with shortcomings. Firstly,
choosing the appropriate M values is a trial-and-error approach, which
in some cases becomes hard to solve. Furthermore, the confirmation of
the successful selection of the M values is rather impossible in the case
of multiple repetitive solutions of a problem with varying parameters.
Due to the aforementioned reasons, in Chapters 4 and 5 we have used
an alternative method for linearizing complementarity constraints, i.e.,
the SOS1 method [66, 120]. In this case, instead of employing a set of
auxiliary binary variables, we use a set of “Special Ordered Sets of type
1 (SOS1)” variables. SOS1 are a set of variables among which at most
one can be strictly positive, with all others of the set being zero.

Let us reformulate (A.9), with the help of two SOS1 variables, r1i and
r2i:

µi + gLi (x, y) = r1i + r2i ∀i (A.11a)
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µi − gLi (x, y) = r1i − r2i ∀i (A.11b)

Based on the definition of the SOS1 variables, only one of variables
r1i and r2i can be strictly positive or they are both zero. It is straight-
forward to confirm that (A.9) is equivalent to (A.11a)-(A.11b). Despite
its ease, SOS1 method increases computational costs compared to the
Big-M approach.





Appendix B

IEEE Reliability Test System

B.1 Modified 24-Node IEEE Reliability Test System
(RTS)

This appendix presents the modified version of the RTS 24-node network
that was used in the case study of Chapter 5. This case study is based on
the updated version of the IEEE RTS 24-bus System presented in [85],
which can be readily used for electricity markets and accommodate six
wind farms. The network topology is presented in Fig. B.1.

The technical data of the generation units and the system demand
are presented in Tables B.1 and B.2.

Table B.1: Technical Characteristics and Node Location of Conventional
Generation Units

Unit Node P
G
i λG

i RU
i λU

i RD
i λD

i

(Gi) n [MW] [e/MW] [MW] [e/MWh] [MW] [e/MWh]
G1 1 152 13.32 40 15 40 11
G2 2 152 13.32 40 15 40 11
G3 7 350 20.70 70 24 70 16
G4 13 591 20.93 180 25 180 17
G5 15 60 26.11 60 28 60 23
G6 15 155 10.52 30 16 30 7
G7 16 155 10.52 30 16 30 7
G8 18 400 6.02 0 0 0 0
G9 21 400 5.47 0 0 0 0
G10 22 300 0 0 0 0 0
G11 23 310 10.52 60 14 60 8
G12 23 350 10.89 40 16 40 8

221
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Figure B.1: 24-bus power system - network topology
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Table B.2: Node Location and Distribution of the System Demand

Load Node P
D
d λd Load Node P

D
d λd

(Dd) n [MW] [e/MW] (Dd) n [MW] [e/MW]
D1 1 84 100 D10 10 150 100
D2 2 75 100 D11 13 205 100
D3 3 139 100 D12 14 150 100
D4 4 58 100 D13 15 245 100
D5 5 55 100 D14 16 77 100
D6 6 106 100 D15 18 258 100
D7 7 97 100 D16 19 141 100
D8 8 132 100 D17 20 100 100
D9 9 135 100

In this case study, we consider six wind power producers located at
buses n={3, 5, 7, 16, 21, 23}. The operational cost of wind power farms
is considered to be zero. Each wind producer’s expected wind power
generation versus increasing wind penetration levels, i.e., expected wind
power generation divided by the total load, is presented in Fig. B.2. The
total wind power capacity ranges between 450 MW to 1310 MW and the
corresponding penetration levels range from 17.14% to 49.62%.
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Figure B.2: Wind power producers W1-W6 expected generation versus
increasing levels of wind power penetration.

The transmission lines data are presented in Table B.3. The prop-
erties of the lines include the connecting nodes, the reactance in [p.u.]
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and the capacity of each line in [MVA]. Note that the base for power
conversion in p.u. is Sbase = 100MVA.

Finally, according to [164] we have decreased the capacity of lines
(15,21), (14,16) and (13,23) from 1000MVA, 500MVA and 500MVA to
400MVA, 250MVA and 250MVA respectively, in order to introduce bot-
tlenecks in the transmission system.

Table B.3: Reactance and Capacity of Transmission Lines

From To Reactance Capacity From To Reactance Capapcity
n n [p.u.] [MVA] n n [p.u.] [MVA]

1 2 0.0146 175 11 13 0.0488 500
1 3 0.2253 175 11 14 0.0426 500
1 5 0.0907 350 12 13 0.0488 500
2 4 0.1356 175 12 23 0.0985 500
2 6 0.205 175 13 23 0.0884 250
3 9 0.1271 175 14 16 0.0594 250
3 24 0.084 400 15 16 0.0172 500
4 9 0.111 175 15 21 0.0249 400
5 10 0.094 350 15 24 0.0529 500
6 10 0.0642 175 16 17 0.0263 500
7 8 0.0652 350 16 19 0.0234 500
8 9 0.1762 175 17 18 0.0143 500
8 10 0.1762 175 17 22 0.1069 500
9 11 0.084 400 18 21 0.0132 1000
9 12 0.084 400 19 20 0.0203 1000
10 11 0.084 400 20 23 0.0112 1000
10 12 0.084 400 21 22 0.0692 500



Appendix C

Transmission Network Constraints

For the sake of simplicity, market models in Chapters 2 to 4 do not
account for transmission network constraints. Thus, the location of gen-
eration units and demands does not influence balancing market dispatch
and prices. However, market models of Chapter 5 are additionally solved
considering the transmission network constraints, following the procedure
explained in this appendix.

The most common calculation of power flow in electricity grids is
the AC power flow. However, AC power flow is computationally heavy,
especially if it is incorporated in a stochastic market-clearing problem,
as the ones presented in this thesis. Albeit AC power flow study offers
a high level of detail in the results, this level of detail is not crucial for
the economic dispatch problem. Therefore, it is common to represent
network constraints through a DC load flow representation.

The main competences in using a DC power flow model are driven by
its linear, non-complex nature. It offers non-iterative, unique and reliable
solutions, network data needed for the calculations are limited and easy
to acquire while approximated active power flows are reasonably accurate
for the heavily loaded branches that might constrain system operation.
However, its use is only restricted to power flow oriented applications,
where the effects of network voltage and reactive power conditions are
minimal [165].

225
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C.1 From the AC to the DC Power Flow Model

Notation

n,m Node indices

Pn Active power injection at node n [W]

Qn Reactive power injection at node n [VAr]

Vn Voltage at node n [V]

Rn,m Resistance of transmission line (n,m) [Ω]

Xn,m Reactance of transmission line (n,m) [Ω]

Zn,m Impedance of transmission line (n,m) [Ω]

Gn,m Conductance of transmission line (n,m) [S]

Bn,m Susceptance of transmission line (n,m) [S]

Yn,m Admittance of transmission line (n,m) [S]

δn Voltage angle at node n [rad]

Fmax
n,m Maximum capacity of line (n,m) [W]

In the classical AC power flow model the expressions for the sending
(n) and receiving (m) nodes are the following:

Pn =
N∑
m=1

|Vn| |Vm|
(
Gn,m cos(δn − δm) +Bn,m sin(δn − δm)

)
(C.1a)

Qn =
N∑
m=1

|Vn| |Vm|
(
Gn,m sin(δn − δm)−Bn,m cos(δn − δm)

)
(C.1b)

Based on some facts related to transmission networks we can adopt
the following assumptions:
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1. The resistance of transmission circuits is significantly smaller than
the reactance (R � L) and, thus, grid losses can be neglected as
follows [166]:

Gn,m =
Rn,m

R2
n,m +X2

n,m

≈ 0 (C.2a)

Bn,m =
−Xn,m

R2
n,m +X2

n,m

≈ − 1

Xn,m

(C.2b)

Zn,m ≈ j ·Xn,m (C.2c)

Yn,m ≈ j ·Bn,m (C.2d)

Applying this assumption to equations (C.1), the latter become:

Pn =
N∑
m=1

|Vn| |Vm|
(
Bn,m sin(δn − δm)

)
(C.3a)

Qn =
N∑
m=1

|Vn| |Vm|
(
−Bn,m cos(δn − δm)

)
(C.3b)

2. For typical operation conditions, the angle difference of the voltage
phasors at two neighboring nodes n and m, being δn − δm, is very
small. Therefore, we can generalize that this difference is negligible
in transmission circuits. As illustrated in Fig. C.1, if the difference
δ = δn − δm is very small, then sin(δ) is approximated in rad by δ
itself, while cos(δ) is approximating 1. Based on the aforementioned
assumptions, (C.3) become:

Pn =
N∑
m=1

|Vn| |Vm|
(
Bn,m (δn − δm)

)
(C.4a)

Qn =
N∑
m=1

|Vn| |Vm|
(
−Bn,m

)
(C.4b)

3. In the p.u. system, the numerical values of voltage magnitudes |Vn|
and |Vm| are very close to 1 p.u, and we can assume that they are
one everywhere in the network [165]. Considering this assumption,
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(C.4) finally becomes:

Pn =
N∑
m=1

(
Bn,m (δn − δm)

)
(C.5a)

Qn =
N∑
m=1

(
−Bn,m

)
(C.5b)

4. For techno-economic studies of power systems, such as energy ex-
changes in transmission level, active power is treated differently
than reactive. Active power is a commodity available for trading
while reactive power is regarded as an ancillary service. For this
reason, DC power flow equations in economic dispatch problems ne-
glect reactive power, while focusing only on the commercial energy
exchanges of active power [167]. This assumption eventually leads
to a reasonable representation of investigating a circuit’s overload
by looking at active power flows instead of currents.

δsin δ

cos δ

Figure C.1: AC to DC power flow simplification
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C.2 DC Power Flow Constraints in Market-Clearing
Problems

In this dissertation, being consistent with other techno-economic studies
in transmission level, we are considering network constraints through a
DC load flow representation. The output of this optimization models
are the dispatch of balancing power, which results in power flows that
satisfy the network capacity limits. Moreover, it yields LMPs, leading
to potentially different energy prices for each node. The optimization
models presented in Chapter 5, in contrast to the rest of the chapters,
consider network constraints. These constraints are enforced by the fol-
lowing expressions:

• The first constraint refers to the power balance equation per each
node. Additionally to power generation and consumption at each
node, power exchanges between connected nodes are also taken
into account. For example for node n, apart from generated
and consumed active power an additional term is considered, i.e.,∑

mBn,m (δn − δm), representing the power flow through line con-
necting node n with every other node m.

• The aforementioned term, representing power flow through a line,
is additionally constrained by the maximum power transfer capac-
ity of the line. Thus, the below inequality constraints are also
considered:

Bn,m (δn − δm) ≤ Fmax
n,m ∀(n,m) (C.6a)
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