Antonio J. Conejo * Miguel Carrion
Juan M. Morales

Decision Making Under
Uncertainty in Electricity
Markets

@_ Springer



Contents

Preface .. ... ... e vii
1 Electricity Markets ........ ... ... .. . . i 1
1.1 Introduction .......... .. i i e 1
1.2 Organization and Agents ............cccoiiiineiveinnnnns 1
1.2.1 Market Organization ..................ccouunn.. 2

122 Agents ... e 4

123 Pool ... e 6

1.24 Futures Market............ ..., 9

1.2.5 Reserve and Regulation Markets.................. 11

1.3  Time Framework and Uncertainty ....................... 13
1.3.1 Decision Sequence ..........ccouuirienveninennns 13

1.3.2 Uncertainty ..........c.o it 15

1.4 Decision MaKing . . .....ovit ittt 17
1.41  CONSUMET .. c.ivtttt ettt eiaeiaannns 17

142 Retailer ... e 19

143 Producer .......... i 20

1.4.4 Non-Dispatchable Producer ...................... 22

1.4.5 Market Operator ...........covviirennenennnn.n. 23

1.46 Independent System Operator.................... 24

1.5 Summary ..o e 25
1.6 EXercises ......vviniiii i e e 25

2 Stochastic Programming Fundamentals .................... 27
2.1 Introduction ............co it .. 27
2.2 Random Variables ........... .. ... ... . ... 29
2.3 Stochastic Processes ........... ... .o i, 31
2.4 SCenarios . ...t e e e 32
2.5 Stochastic Programming Problems ....................... 34
2.5.1 Two-Stage Problems ............................ 34

2.5.2  Multi-Stage Problems ........................... 39

xi



A

xii

Contents
2.6 Quality Metrics. . ... .o ov it i i e i 48
2.6.1 Expected Value of Perfect Information ............ 49
2.6.2  Value of the Stochastic Solution .................. 52
2.6.3  Out-of-Sample Assessment ..............ccovvvn... 57
2.7 RISk L e e 58
2.8 Solving Stochastic Programming Problems ................ 59
2.9 Summary and Conclusions ............... ... ... ... ... 61
210 EXerciSes ... ..conitiiiti i i i e e 61
Uncertainty Characterization via Scenarios ................ 63
3.1 Introduction ......... ... i e 63
3.2  Scenario Generation............. ... 66
321  OVerview ...civi i e e e e 66
3.2.2  Scenario Generation using ARIMA Models......... 68
3.2.3  Generating Scenarios for Unit Availability ......... 75
3.2.4 Quality of Scenario Subsets ...................... 78
3.3 Scenario Reduction ........... ... .. i, 80
3.3.1 Motivation. ... i e e 80
3.3.2  Scenario Reduction Using a Probability Distance ... 81
333 Algorithm ........... . i e 82
34 Scenario Generation for Dependent Stochastic Processes .... 92
341 Overview .......ciiiiii i i e e 92
3.4.2 Scenarios for contemporaneous or quasi-

contemporaneous stochastic processes ............. 94

3.4.3  Scenarios for non-contemporaneous stochastic
PrOCESSES « vt vttt et et iet et ieennanensnanans 101
3.5 Case Studies ..o i i i i e 103
3.5.1 Electricity Price and Demand .................... 103
3.5.2 Wind Speeds at Multiple Sites ................... 108
3.6 Summary and Conclusions . ..............coviuviennen... 115
3.7 EXercises ...ttt e 117
Risk Management . ....... ... .. ... . it 121
4.1 Introduction .......... ..l e 121
4.2 Risk Control in Stochastic Programming Problems......... 122
4.2.1  Risk-Neutral Decision Making .................... 122
4.2.2  Risk-Averse Decision Making..................... 126
4.3 Risk MeAsures . .. ..ottt eie e 128
4.3 1 Variance. ...ttt i e e 129
4.3.2  Shortfall Probability ............................ 132
4.3.3 Expected Shortage............. ... 135
434 Value-at-Risk ......... ... ... ... . it 139
4.3.5 Conditional Value-at-Risk ....................... 142
4.3.6  Stochastic Dominance .................covuii... 145
4.4  Summary and Conclusions ............... ... oo 152



Contents xiii
4.5 EXercises . ..ovvviii i e e e 154
5 Producer Pool Trading ............... ... ... . iiiiiiinn... 157
5.1 Introduction ........ ... .. 157
5.2 Decision Framework............ ... ... ... i i 158
5.3 Uncertainty Characterization............................ 161
5.3.1 Day-ahead, Regulation, and Adjustment Prices.. ... 161

5.3.2 Scenario Tree ........ ... ittt 163

5.4 Pool Structure .........c.iiiiin ittt 166
5.4.1 Day-Ahead Market ................cciviiiian... 166

5.4.2 Regulation Market.................iiiiiiian... 169

54.3 Adjustment Market ............. ... ... i, 171

5.5 Producer Model ........ . ... . 175
5.5.1 Unit Constraints ..............coviiiiieneinn... 175

552 ExpectedProfit ............... ... ... ... .. ..., 176

55.3 RiskModeling.......... ... .. . i 177

5.6 Formulation. ........ ... i iiiiriiennnnnns 178
5.7 Producer Pool Example ................................ 179
5.8  Producer Pool Case Study ............... ... .. .. . 186
59  Summary and Conclusions . ...............cciiiiniiin... 191
510 Notation.......covveiritiiiniiiiiiiiinininineineann 191
B.I1  EXEICISES ..ot ivvie it ittt it et i i et e 194
6 Pool Trading for Wind Power Producers................... 195
6.1 Introduction ....... .. .. 195
6.2 Decision Framework........... ... .. . i i, 197
6.3 TheKeylssues..........co i, 200
6.3.1 Mechanism for Imbalance Prices .................. 200

6.3.2 Revenue and Imbalance Cost ..................... 206

6.3.3 Certainty Gain Effect ........................... 209

6.4  Uncertainty Characterization......... e 210
6.4.1 Day-ahead, Adjustment, and Imbalance Prices ..... 211

6.4.2 Wind Power Production ......................... 214

6.43 Scenario Tree ........ ... ..o, 216

6.5 Wind Producer Model .......... .. ... .. i, 221
6.5.1 BasicModel ........... ...t 221

6.5.2 OfferingCurves ..........civviiiiiniinnnnnnn... 225

653 RiskModeling................... i, 226

6.5.4 Adjustment Market ............... ... ... ... ... 227

6.5.5 _Formulation..................ciiiiiiiiiiiin.., 229

6.6 Wind Producer Example ............. ... ... ... ..., 231
6.7 Wind Producer Case Study .................cvvvinann... 239
6.8  Summary and Conclusions ....................... ... ... 246
6.9 I 0 Y Lo+ S P 248
6.10  EXEICISES . ovvvviiittii e 250



xiv Contents
7 Futures Market Trading for Producers..................... 253
7.1 Introduction ........ ... i 253
7.2 Decision Framework. ....... ... ... .. .. . il 253
7.3 Uncertainty Characterization............................ 256
7.31 PoolPrices ........coiiiiiiiii e 256

7.3.2  Unit Availability .......... ... .. .. ... ... ... 257

7.3.3 Scenario Tree ........ ... .. i 258

7.4 Market Structure ...... . .. 259
7.4.1 Futures Market......... .. .. ... it 259

742 Pool ..o e 262

7.5 Producer Model ...... .. ... . . i 263
7.5.1 Unit Constraints .............ccoueuiieneennnnn.. 263

7.5.2  Unit Availability ............ ... i 264

753 EnergyBalance ........... .. ... ... ... .. 265

754 Expected Profit ............... ... .. ... ... ..., 265

755 RiskModeling.......... ... ... i, 266

7.6 Formulation......... ...ttt 267
7.7  Producer Futures Market Example. No Unit Unavailability .. 268.
7.8  Producer Futures Market Example. Unit Unavailability . . ... 273
7.9  Producer Futures Market Case Study .................... 276
7.10 Summary and Conclusions ...............coviiivinnan.. 281
711 Notation.........iii i i i e 283
712 EXErCISES vttt e i e i i e 285

8 Medium-Term Retailer Trading............................ 287
8.1 Introduction ........ ..ot 287
8.2 Decision Framework........... ... ... i i 289
8.3  Uncertainty Characterization............................ 291
8.4 Market Structure ......... e 292
84.1 FuturesMarket........ ... ... ... i, 293

8.4.2 Pool ... e e e 295

8.5 Retailer Model ...... ... . i, 296
8.5.1 Client Modeling .......... ... ..., 296

852 Price-QuotaCurve........... ..., 207

8.5.3 Revenue from Selling to Clients................... 209

854 EnergyBalance ................. ... .. ..., 301

8.5.5 Expected Profit ............. .. ... 302

856 RiskModeling................ .. ... ... .. 302

8.6 Formulation. ... ... ... . i i i 304
87 RetailerExample .......... ... . i 305
¥ 88  Retailer Case Study . .......ovuveerrirneeririinnniennnns. 309
8.9 Summary and Conclusions . .................c.coiiun.... 318
810 Notation........oevviiiiiiiiiiiiiiiiii 318
1811 [Exercises ............... e 321



Contents Xxv

9 Energy Procurement by Consumers ....................... 323
9.1 Introduction ........ ... .. i 323
9.2  Decision Framework and Uncertainty Model............... 324

9.2.1 Decision Framework ................ ... ... ..., 324
9.2.2 Pool Priceand Demand ......................... 326
93  Model ... oo 328
9.3.1 Bilateral Contracts ........... ..., 328
932 Pool ... e 331
9.3.3 Self-Production............. ..., 332
934 EnergyBalance .............. .. .. il 333
9.3.5 Non-anticipativity .............. .o, 334
9.3.6 ExpectedCost .......... ..o, 336
937 RisSK ... 337
94 Formulation............ ... i i 337
95 Consumer Example ............ ... .o 339
96 Consumer Case Study ............ ... ..o i, 344
9.7  Summary and Conclusions . .............. ..o 351
9.8 Notation............... e e e e e 352
0.9 EXEICISES ...ttt ti ittt e 354

10 Market Clearing Considering Equipment Failures....... ... 357
10.1 Introduction ........... ..ot 357
10.2  Stochastic Security-Constrained Market Clearing .......... 358

10.2.1 Main Features..............ciiiiiiin .. 358
10.2.2 Introducing Security Constraints ................. 359
10.2.3 Setting Reserve Requirements .................... 360
10.2.4 Solution Algorithm .............. ... ... ... ..... 360
10.2.5 Security-Related Definitions...................... 361
10.3  Stochastic Security Metrics ............o il 361
10.3.1 - Probabilistic Metrics .. ........ ..o i, 362
10.3.2  Security Criteria Based on the ELNS.............. 365
10.4 Market-Clearing Formulation................... ... ... ... 365
10.4.1 Assumptions . ...t 366
10.4.2 Variables ...... .. .. 366
10.4.3 Structure .. ......iu i e e e 367
10.4.4 Objective function ... ..........ccoviiiiini.. 367
10.4.5 Electricity Market Constraints ................... 369
10.4.6 Real-Time Operating Constraints................. 373
10.4.7 Linking constraints .......... .. ... i 379
10.4.8 Formulation.......... ... ... . i, 382
10.5 Computing Scenario Probabilities . ....................... 385
10.6 Market-Clearing Example............... ... .. oo 387
10.7 Market-Clearing Case Study .............. .. ... .. 395
10.8 Summary and Conclusions ..............coiiiiiiann . 398

10.9  NOtabion . ..o vi it e e e e e e 399



o

xvi Contents
10.10 EXercises .....cvuvvrvueenemiiniinii it iiiaenaenn. 402
11 Market Clearing Under Uncertainty: Wind Energy........ 405
11,1 Introduction ...........ceeiiiiiiiiiiiiiiiinenn, 405
11.2  Wind Power Production .............coiiii i, 406
11.2.1 A Look to the Near Future ...................... 406
11.2.2 Wind Impact on System Security ................. 407
11.2.3 Accommodating Wind Uncertainty ............... 408
11.2.4 Computational Burden .......................... 409
11.3 Market-Clearing Model ........... ..o, 410
11.3.1 Assumptions ........coeiniiiiiii i 410
11.3.2 Wind Uncertainty Characterization ............... 411
11.3.3 Wind Uncertainty vs. Equipment Failures.......... 412
11.3.4 Breaking Down the Expected Cost................ 417
11.3.5 Wind Spillage Cost ............ ..., 421
11.3.6 Formulation............. oo, 422
11.4 Performance Metrics ............ooiiiiiiiiiii i, 425
11.4.1 Average Benefit (AB) ................ L, 426
11.4.2 Average Uncertainty Cost (AUC)................. 426
11.4.3 Net Average Benefit (NAB) ...................... 426
11.5 Market-Clearing Example with Wind Generation .......... 427
11.5.1 Impact of wind generator location and network
congestion ....... .. i i i 429
11.5.2 Impact of wind spillage cost...................... 433
11.5.3 Impact of wind penetration and uncertainty levels .. 433
11.6  Market-Clearing Case Study with Wind Generation ........ 435
11.7 Summary and Conclusions .................. oo 441
11.8  Notation...... ..ottt i 442
119 EXEICISES ... vvve ittt e 445
A GAMS Codes ... i e 447
A1l Introduction .........cooiiiiiiiiiiiii i 447
A2  GAMS code for the Producer Pool Example (Section 5.7) ... 447
A.3 GAMS code for the Wind Producer Example (Section 6.6) .. 452
A4  GAMS code for the Producer Futures Market Example. No
Unit Unavailability (Section 7.7) .......... ... L. 455
A5 GAMS code for the Producer Futures Market Example.
Unit Unavailability (Section 7.8) ............. ... ... ... 457
A6  GAMS code for the Retailer Example (Section 8.7) ........ 460
A.7  GAMS code for the Consumer Example (Section 9.5)....... 463
A.8 GAMS code for the Market-Clearing Example (Section 10.6) 466
A9 GAMS code for the Market-Clearing Example with Wind

Generation (Section 11.5) ....... ..., 472



Contents xvii

B 24-Node System Data .............. ... ... i, 479
B.l Networkdata ............ ... ... .0 i i, 479
B2 Generatordata........... ... .. il 479
B3 Demanddata ......... ... ... .. i, 482

C Exercisesolutions........... .. ... . ... i i 485
C.1 Exercises from Chapter 2 ................ciiiiiiii.. 485
C.2  Exercises from Chapter 3 ........... ... .. oo 489
C.3 Exercisesfrom Chapter 4 ............ccoviiiiinenrrnnn... 496
C.4  Exercises from Chapter 5 ........... .. ... 500
C.5 Exercises from Chapter 6 .............. ... .. oo, 505
C.6  Exercises from Chapter 7 ..........c..oiiiiiineinenn.. 508
C.7  Exercises from Chapter 8 ..............c.cccoiiiiniiiinnn. 511
C.8 Exercises from Chapter 9 ............ ... ... ... ... 514
C.9 Exercises from Chapter 10 .......... ..., 518
C.10 Exercises from Chapter 11 ....... .. ... ... .. it 522

References........ ... .. i i e 527

Index ... e e 535

Biographies...... ... ... . 539



