
vi 
 

LIST OF CONTENTS 

 
Agradecimientos ............................................................................................................................... v 

List of Contents ................................................................................................................................. vi 

List of Tables ..................................................................................................................................... ix 

List of Figures .....................................................................................................................................x 

Nomenclature .................................................................................................................................. xiii 

1 Introduction ................................................................................................................................ 1 

1.1 Motivation ........................................................................................................................... 1 

1.1.1 The situation in Chile ................................................................................................ 1 

1.1.2 The situation in the world ........................................................................................ 2 

1.2 Objectives .......................................................................................................................... 3 

1.2.1 General Objective ..................................................................................................... 3 

1.2.2 Specific Objectives ................................................................................................... 3 

1.3 Scope ................................................................................................................................. 3 

1.4 Contributions ..................................................................................................................... 4 

1.5 Content ............................................................................................................................... 5 

2 Theoretical background ........................................................................................................... 6 

2.1 What is LNG? .................................................................................................................... 6 

2.1.1 LNG supply chain ..................................................................................................... 7 

2.1.2 Market Considerations ............................................................................................. 9 

2.2 LNG in Hydrothermal Electricity Systems ................................................................... 11 

2.2.1 The Chilean case .................................................................................................... 12 

2.2.2 Other countries situation ........................................................................................ 14 

2.3 State-of-the-Art Research ............................................................................................. 17 

2.3.1 Operation with Natural Gas constraints .............................................................. 17 

2.3.2 Portfolio Optimization of Natural Gas supply contracts .................................... 18 

2.3.3 Risk Management and Portfolio Theory through C-VaR .................................. 19 

3 Implemented Model ................................................................................................................ 21 

3.1 General overview ............................................................................................................ 21 

3.2 Mathematical formulation .............................................................................................. 22 

3.2.1 Strict Take-or-Pay Contract formulation .............................................................. 22 



vii 
 

3.2.2 Flexible Take-or-Pay Contracts ............................................................................ 25 

3.2.3 General formulation ................................................................................................ 26 

3.2.4 Risk Aversion (C-VaR) ........................................................................................... 27 

4 Study Case: Small Scale System ........................................................................................ 28 

4.1 Description of the Case Study ...................................................................................... 28 

4.1.1 The Electrical System ............................................................................................ 28 

4.1.2 Hydrological Scenarios .......................................................................................... 28 

4.1.3 Take-or-Pay Contracts ........................................................................................... 29 

4.2 Results ............................................................................................................................. 29 

4.2.1 Proof of concept: Optimal LNG Volume .............................................................. 29 

4.2.2 Profit of Take-or-Pay generators .......................................................................... 32 

4.2.3 Contract Flexibility .................................................................................................. 36 

4.2.4 Contract Portfolios .................................................................................................. 39 

5 Study Case: Large Scale System ........................................................................................ 47 

5.1 Description of the study case ........................................................................................ 47 

5.1.1 The system .............................................................................................................. 47 

5.1.2 Hydrological scenarios ........................................................................................... 51 

5.1.3 Available Contracts ................................................................................................ 51 

5.1.4 Simulation options .................................................................................................. 51 

5.2 Results ............................................................................................................................. 52 

5.2.1 Resolution Time ...................................................................................................... 52 

5.2.2 Optimal LNG portfolio ............................................................................................ 53 

5.2.3 Effects of Transmission on LNG contract decision............................................ 66 

5.2.4 Current Import Situation versus Optimal Situation ............................................ 67 

5.2.5 Risk Aversion .......................................................................................................... 71 

6 Conclusions and Further Work ............................................................................................. 73 

6.1 Conclusions ..................................................................................................................... 73 

6.2 Further Work ................................................................................................................... 74 

7 Bibliography ............................................................................................................................. 76 

APPENDIX I: Small Scale Results ............................................................................................... 82 

II.I Generation per stage/block ................................................................................................. 82 

APPENDIX II: Large Scale system generators .......................................................................... 84 

APPENDIX III: Sensitivity study on The Large scale system .................................................. 87 



viii 
 

III.I Sensitivity on the Minimum Volume Contract .................................................................. 87 

III.II Sensitivity on the Penalization Contract .......................................................................... 88 

 



ix 
 

LIST OF TABLES 

TABLE 1: GENERATORS OF THE SMALL SCALE CASE STUDY ............................................................................................ 28 
TABLE 2: BLOCK DURATION AND DEMAND ................................................................................................................. 28 
TABLE 3: CHARACTERISTICS OF HYDROLOGICAL SCENARIOS: PROBABILITY OF OCCURRENCE, INFLOWS AND AVAILABLE ENERGY. 28 
TABLE 4: AVAILABLE LNG  CONTRACTS .................................................................................................................... 29 
TABLE 5: CAPACITY FACTOR OF THE LNG GENERATOR PER SCENARIO, WITHOUT TAKE-OR-PAY CONSTRAINTS ....................... 30 
TABLE 6: AVERAGE SYSTEM COST AND COST PER SCENARIO WITH TAKE-OR-PAY LNG SUPPLY ........................................... 31 
TABLE 7: PROFIT OF LNG GENERATOR PER SCENARIO WITH TAKE-OR-PAY LNG SUPPLY .................................................... 32 
TABLE 8: CAPACITY AND VARIABLE COSTS OF AVAILABLE GENERATORS. .......................................................................... 33 
TABLE 9: MINIMUM VOLUME [P.U.] AND PRICE [$/MWH] OF AVAILABLE CONTRACTS FOR THE THREE CASES STUDIED. ......... 39 
TABLE 10: CONTRACTED LNG VOLUME AND LNG UTILIZATION PER SCENARIO FOR MINIMUM VOLUME CONTRACTS. ............. 43 
TABLE 11: MAXIMUM TRANSFER CAPACITY OF LINES [MW] .......................................................................... 47 
TABLE 12: AVAILABLE GENERATION CAPACITY [MW] PER TECHNOLOGY AND NODE. * RUN-OF-THE-RIVER .......................... 47 
TABLE 13: NUMBER OF GENERATION UNITS PER TECHNOLOGY. ..................................................................................... 48 
TABLE 14: AVAILABLE LNG CONTRACTS FOR THE LARGE SCALE SYSTEM STUDY. ................................................................ 51 
TABLE 15: ANNUAL CONTRACTED LNG ENERGY [TWH] ACCORDING TO THE SIMULATION HORIZON. .................................. 64 
TABLE 16: OCCURRENCE OF TRANSMISSION CONSTRAINTS PER LINE FOR THE BASE CASE. ................................................... 66 
TABLE 17: TAKE-OR-PAY CONTRACTED ENERGY [TWH] WITH AND WITHOUT TRANSMISSION LIMITS. .................................. 66 
TABLE 18: CONTRACTED LNG FOR THE TWO STUDIED CASES. OPTIMAL LNG REFERS TO THE VOLUME FOUND THROUGH THE 

OPTIMIZATION PROBLEM, WHILE CURRENT LNG REFERS TO THE VOLUME CURRENTLY BEING IMPORTED THROUGH TAKE-

OR-PAY CONTRACTS. .................................................................................................................................... 67 
TABLE 19: SYSTEM COSTS ACCORDING TO THE IMPORT SITUATION. MIN COST IS THE AVERAGE OF THE THREE SCENARIOS WITH 

SMALLER COSTS AND MAX COST IS THE AVERAGE COST OF THE WORST THREE SCENARIOS. .......................................... 67 
TABLE 20: AVERAGE PROFIT AND AVERAGE PROFIT WITHOUT LOSSES FOR THE OPTIMAL AND CURRENT LNG IMPORT SITUATIONS 

[M$] ......................................................................................................................................................... 69 
TABLE 21: ANNUAL AVERAGE DEMAND PAYMENT AND AVERAGE DEMAND PAYMENTS PLUS LNG COMPENSATIONS. .............. 70 

 



x 
 

LIST OF FIGURES 

FIGURE 1: ANNUAL GENERATED AND IDLE ENERGY [TWH] (WITH RESPECT TO 2012) BY THE DUAL-FUEL GENERATORS OF THE 

CHILEAN INTERCONNECTED CENTRAL SYSTEM [3]. ............................................................................................... 1 
FIGURE 2: KILOGRAMS OF CO2 EMISSIONS PER MWH OF ELECTRICAL GENERATION. [12] .................................................... 6 
FIGURE 3: LNG SUPPLY CHAIN .................................................................................................................................. 7 
FIGURE 4: SCHEMATIC VIEW OF A LNG CARRIER (SIDE VIEW)[16] ................................................................................... 8 
FIGURE 5: AVERAGE HENRY HUB SPOT PRICES FOR NATURAL GAS IN FOUR CASES, 2005-40 (2013 US$/MMBTU) [27] ....... 12 
FIGURE 6: PERCENTAGES OF NET INSTALLED CAPACITY PER GENERATION TECHNOLOGY, AS OF NOVEMBER 2015, IN THE SING 

(LEFT) AND SIC (RIGHT). *RUN-OF-THE-RIVER .................................................................................................. 12 
FIGURE 7: LOSS PROBABILITY DISTRIBUTION. C-VAR AND VAR AT 𝜶 CONFIDENCE LEVEL ARE REPRESENTED [70]. .................. 20 
FIGURE 8: DIAGRAM OF THE IMPLEMENTED MODEL. ................................................................................................... 21 
FIGURE 9: IMPLEMENTED OPTIMIZATION MODEL, WHERE THE USUAL HYDROTHERMAL ECONOMIC DISPATCH FORMULATION IS 

SHOWN IN BLACK AND ADDITIONS FROM THE GAS WORLD ARE SHOWN IN BROWN. .................................................. 22 
FIGURE 10: DIAGRAM OF A TAKE-OR-PAY CONTRACT WITH MINIMUM VOLUME AND ITS VARIABLES. ................................. 25 
FIGURE 11: DETERMINISTIC ANNUAL POWER GENERATION PER SCENARIO WITHOUT TAKE-OR-PAY CONSTRAINTS [TWH]. ...... 30 
FIGURE 12: ANNUAL ENERGY GENERATION PER SCENARIO WITH OPTIMAL TAKE-OR-PAY CONTRACT [TWH] ........................ 30 
FIGURE 13: TOTAL AVERAGE AND PER SCENARIO SYSTEM COST [M$]. LABELS INDICATE EXTRA COSTS FOR EACH SCENARIO [%].

 ................................................................................................................................................................. 31 
FIGURE 14: PROFIT OF LNG GENERATOR PER SCENARIO AS A FUNCTION OF THE IMPORTED LNG VOLUME. .......................... 34 
FIGURE 15: EXPECTED PROFIT OF LNG GENERATOR AS A FUNCTION OF THE IMPORTED LNG VOLUME. ................................ 34 
FIGURE 16: MARGINAL PROFIT [$/MWH] PER TECHNOLOGY AS A FUNCTION OF THE IMPORTED LNG VOLUME. ................... 35 
FIGURE 17: LNG UTILIZATION PER SCENARIO AS LNG CONTRACT FLEXIBILITY VARIES (𝒀, MINIMUM VOLUME) ...................... 36 
FIGURE 18: SYSTEM EXPECTED COST AS LNG CONTRACT FLEXIBILITY VARIES (𝒀, MINIMUM VOLUME). LABEL INDICATES COST 

REDUCTION BY THE FULLY FLEXIBLE CONTRACT (𝒀 = 𝟎) WITH RESPECT TO THE FULLY INFLEXIBLE CONTRACT (𝒀 = 𝟏). .. 37 
FIGURE 19: LNG UTILIZATION PER SCENARIO AS LNG CONTRACT FLEXIBILITY VARIES (X, PENALIZATION) ............................. 38 
FIGURE 20: CONTRACTED LNG VOLUME AND LNG UTILIZATION PER SCENARIO FOR MINIMUM VOLUME CONTRACTS. ............ 40 
FIGURE 21: PRICE OF AVAILABLE CONTRACTS AND EFFICIENCY THRESHOLDS FOR MINIMUM VOLUME CONTRACTS. THE THREE 

STUDIED CASES ARE SHOWN ........................................................................................................................... 42 
FIGURE 22: CONTRACTED LNG VOLUME AND LNG UTILIZATION PER SCENARIO FOR PENALIZATION CONTRACTS. ................... 43 
FIGURE 23: PRICE OF AVAILABLE CONTRACTS AND EFFICIENCY THRESHOLDS PENALIZATION CONTRACTS. THE THREE STUDIED 

CASES ARE SHOWN ........................................................................................................................................ 45 
FIGURE 24: NODAL ELECTRICITY SYSTEM (LEFT) AND ITS CORRESPONDENCE TO THE ACTUAL NETWORK................................. 49 
FIGURE 25: HYDRO SYSTEM DIVIDED IN ITS 5 BASINS. ................................................................................................. 50 
FIGURE 26: SCENARIO TREE OF THE STOCHASTIC OPTIMIZATION PROBLEM ...................................................................... 51 
FIGURE 27: RESOLUTION TIME PER TASK OF THE LARGE SCALE SYSTEM. .......................................................................... 52 
FIGURE 28: AVERAGE ANNUAL GENERATION PER TECHNOLOGY WITHOUT LNG SUPPLY CONSTRAINTS [TWH]....................... 53 
FIGURE 29: ANNUAL GENERATION PER HYDROLOGICAL SCENARIO [TWH] WITHOUT LNG SUPPLY CONSTRAINTS. SCENARIOS ARE 

ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT). LABELS INDICATE LNG GENERATION IN TWH AT THE 

EXTREME SCENARIOS. .................................................................................................................................... 54 
FIGURE 30: ANNUAL LNG GENERATION PER SCENARIO, WITHOUT GAS SUPPLY CONSTRAINTS. SCENARIOS ARE ORDERED FROM 

THE DRIEST (LEFT) TO THE WETTEST (RIGHT). ..................................................................................................... 54 
FIGURE 31: AVERAGE ANNUAL GENERATION PER TECHNOLOGY WITH A LNG TAKE-OR-PAY CONTRACT [TWH] ..................... 56 
FIGURE 32: ANNUAL GENERATION PER HYDROLOGICAL SCENARIO [TWH] WITH A LNG TAKE-OR-PAY CONTRACT. SCENARIOS 

ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT). ......................................................................... 56 
FIGURE 33: ANNUAL LNG GENERATION PER SCENARIO, WITH A TAKE-OR-PAY CONTRACT. SCENARIOS ARE ORDERED FROM THE 

DRIEST (LEFT) TO THE WETTEST (RIGHT). ........................................................................................................... 57 

file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676533
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676536
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676536
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676538
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676539
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676539
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676540
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676550
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676551
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676551
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676552
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676553
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676553
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676554
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676555
file:///C:/Users/felip_001/Documents/Beauchef/MAGISTER/Thesis%20-%20Felipe%20Gonzalez%20Venegas.VFF.docx%23_Toc458676556


xi 
 

FIGURE 34: AVERAGE ANNUAL GENERATION PER TECHNOLOGY WITH LNG TAKE-OR-PAY CONTRACTS AND SPOT MARKET [TWH]

 ................................................................................................................................................................. 58 
FIGURE 35: ANNUAL GENERATION PER HYDROLOGICAL SCENARIO [TWH] WITH A LNG TAKE-OR-PAY CONTRACT AND A SPOT 

MARKET. SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT)............................................. 58 
FIGURE 36: ANNUAL LNG GENERATION PER SCENARIO, WITH A TAKE-OR-PAY CONTRACT AND ACCESS TO THE SPOT MARKET. 

SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT). ......................................................... 59 
FIGURE 37: LNG GENERATION [TWH] IN THE WORST HYDROLOGICAL SCENARIO AS THE LNG SPOT PRICE VARIES. ................ 60 
FIGURE 38: AVERAGE ANNUAL GENERATION PER TECHNOLOGY WITH A LNG TAKE-OR-PAY CONTRACT, A MINIMUM VOLUME 

CONTRACT AND SPOT MARKET [TWH] ............................................................................................................. 60 
FIGURE 39: ANNUAL GENERATION PER HYDROLOGICAL SCENARIO [TWH] WITH A LNG TAKE-OR-PAY CONTRACT, A MINIMUM 

VOLUME CONTRACT AND A SPOT MARKET. SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT).61 
FIGURE 40: ANNUAL LNG GENERATION PER SCENARIO, WITH A TAKE-OR-PAY CONTRACT, A 0.8 P.U. MINIMUM VOLUME 

CONTRACT AND A SPOT MARKET. SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT). ........... 61 
FIGURE 41: AVERAGE ANNUAL GENERATION PER TECHNOLOGY WITH A LNG TAKE-OR-PAY CONTRACT, A PENALIZATION 

CONTRACT AND SPOT MARKET [TWH] ............................................................................................................. 62 
FIGURE 42: ANNUAL GENERATION PER HYDROLOGICAL SCENARIO [TWH] WITH A LNG TAKE-OR-PAY CONTRACT, A 

PENALIZATION CONTRACT AND A SPOT MARKET. SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST 

(RIGHT). ..................................................................................................................................................... 62 
FIGURE 43: ANNUAL LNG GENERATION PER SCENARIO WITH A TAKE-OR-PAY CONTRACT, A 0.2 P.U. PENALIZATION CONTRACT 

AND A SPOT MARKET. SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT). ........................... 63 
FIGURE 44: TOTAL 2-YEAR LNG GENERATION PER SCENARIO WITH A TAKE-OR-PAY CONTRACT, A X=0.2 PENALIZATION 

CONTRACT AND A SPOT MARKET. SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT). ........... 64 
FIGURE 45: EXPECTED TOTAL SYSTEM COSTS [M$] ..................................................................................................... 65 
FIGURE 46: TOTAL PROFIT OF THE LNG GENERATORS PER SCENARIO FOR THE OPTIMAL AND THE CURRENT LNG IMPORT 

SITUATIONS. AVERAGE PROFIT FOR EACH CASE IS COMPUTED. .............................................................................. 68 
FIGURE 47: AVERAGE MARGINAL PRICE AT CENTRAL BUS PER SCENARIO. HYDROLOGICAL SCENARIOS ARE ORDERED FROM THE 

DRIEST (LEFT) TO THE WETTEST (RIGHT). ........................................................................................................... 69 
FIGURE 48: ANNUAL DEMAND PAYMENTS [M$] PER SCENARIO FOR THE OPTIMAL AND THE CURRENT LNG IMPORT SITUATIONS. 

HYDROLOGICAL SCENARIOS ARE ORDERED FROM THE DRIEST (LEFT) TO THE WETTEST (RIGHT).................................... 70 
FIGURE 49: CONTRACTED LNG ENERGY [TWH] THROUGH TAKE-OR-PAY CONTRACTS AS THE RISK AVERSION OF THE SYSTEM 

OPERATOR INCREASES. .................................................................................................................................. 71 
FIGURE 50: PARETO FRONTIER BETWEEN THE EXPECTED SYSTEM COSTS AND THE INCURRED RISK (C-VAR). .......................... 72 
FIGURE 51: EXPECTED SYSTEM COSTS ACCORDING TO THE CONTRACTED LNG ENERGY IN TAKE-OR-PAY CONTRACTS. ERROR BARS 

SHOW THE MINIMUM AND MAXIMUM COSTS FOR THE THREE BEST AND WORST (C-VAR) SCENARIOS. LABELS SHOW THE 

DIFFERENCE (IN %) OF AVERAGE SYSTEM COST (RED) AND WORST-CASE SCENARIO SYSTEM COSTS (GREEN) BETWEEN THE 

RISK-NEUTRAL AND RISK AVERSE CASE. ............................................................................................................. 72 
FIGURE 52: GENERATION PER STAGE/BLOCK AND PER SCENARIO WITHOUT TAKE-OR-PAY CONSTRAINTS. [MW] ................. 82 
FIGURE 53: GENERATION PER STAGE/BLOCK AND PER SCENARIO OPTIMAL TAKE-OR-PAY CONTRACT. [MW] ..................... 83 
FIGURE 54: CONTRACTED ENERGY AS THE CONTRACT FLEXIBILITY (MINIMUM VOLUME) VARIES. ENERGY SHOWED FOR THE DRIEST 

SCENARIO, WITH A TAKE-OR-PAY CONTRACT, A MINIMUM VOLUME CONTRACT (𝜷 = 𝟖𝟓$/𝑴𝑾𝒉) AND A SPOT MARKET 

AVAILABLE. ................................................................................................................................................. 87 
FIGURE 55: CONTRACTED ENERGY AS THE CONTRACT PRICE (OF THE MINIMUM VOLUME CONTRACT) VARIES. ENERGY SHOWED 

FOR THE DRIEST SCENARIO, WITH A TAKE-OR-PAY CONTRACT, A MINIMUM VOLUME CONTRACT (𝒀 = 𝟎. 𝟖) AND A SPOT 

MARKET AVAILABLE. ..................................................................................................................................... 87 
FIGURE 56: CONTRACTED ENERGY AS THE CONTRACT FLEXIBILITY (PENALIZATION) VARIES. ENERGY SHOWED FOR THE DRIEST 

SCENARIO, WITH A TAKE-OR-PAY CONTRACT, A PENALIZATION CONTRACT (𝜷 = 𝟖𝟓$/𝑴𝑾𝒉) AND A SPOT MARKET 

AVAILABLE. ................................................................................................................................................. 88 



xii 
 

FIGURE 57: CONTRACTED ENERGY AS THE CONTRACT PRICE (OF THE PENALIZATION CONTRACT) VARIES. ENERGY SHOWED FOR 

THE DRIEST SCENARIO, WITH A TAKE-OR-PAY CONTRACT, A PENALIZATION CONTRACT (𝑿 = 𝟎. 𝟐) AND A SPOT MARKET 

AVAILABLE. ................................................................................................................................................. 88 

 



xiii 
 

NOMENCLATURE 

GLOSSARY 

ToP Take-or-Pay 

Take-or-Pay Generator Generator with LNG supply with Take-or-Pay contracts 

M$ Million US Dollar 

mmBtu Million British Thermal Units 

SIC Sistema Interconectado Central (Central Interconnected 
System) 

SING Sistema Interconectado del Norte Grande (Great North 
Interconnected System) 

 

SETS 

Ω𝐺  Set of Generators 

Ω𝐺(𝑔𝑛𝑙) Set of Generators with LNG supply 

Ω𝐺(𝑛) Set of Generators connected to the electrical node 𝑛 

Ω𝑇𝑜𝑃 Set of Take-or-Pay Contracts 

Ω𝑇𝑜𝑃(𝑔𝑡) Set of Take-or-Pay Contracts with delivery point in the Gas Tank 𝑔𝑡 

Ω𝑆𝑝𝑜𝑡  Set of Spot Contracts 

Ω𝑇𝑎𝑛𝑘 Set of Gas Tanks (regasification terminal) 

Ω𝑁 Set of Gas Nodes 

Ω𝐺𝐶  Set of Gas Connections (Pipelines) 

Ω𝐺𝐶(𝑔𝑡) Set of Gas Connections with initial node in Gas Tank 𝑔𝑡 

Ω𝐺𝐶(𝑛+) Set of Gas Connections with initial node in Gas Node 𝑛 

Ω𝐺𝐶(𝑛−) Set of Gas Connections with terminal node in Gas Node 𝑛 

Ω𝐺𝐶(𝑔) Set of Gas Connections with terminal node in Generator 𝑔 

Ω𝑆 Set of Scenarios (Hydrological) 

Ω𝑇 Set of Stages (Time period) 

Ω𝐵(𝑡) Set of Blocks of Stage 𝑡 

Ω𝐷 Set of Dams 

Ω𝐿 Set of Transmission Lines 

Ω𝑁 Set of Electrical Nodes 

Ω𝐿(𝑛+) Set of Transmission Lines with initial node in Electrical Node 𝑛 

Ω𝐿(𝑛−) Set of Transmission Lines with terminal node in Electrical Node 𝑛 

Ω𝐻𝐶(𝑔/𝑑+) Set of Hydro Connections that end at Hydro generator 𝑔 or Dam 𝑑 

Ω𝐻𝐶(𝑔/𝑑−) Set of Hydro Connections that start at Hydro generator 𝑔 or Dam 𝑑 

  



xiv 
 

ELEMENTS 

𝑔 Generator 

𝑐 Gas Contract (Take-or-Pay or Spot) 

𝑔𝑡 Gas Tank 

𝑛 Gas Node 

𝑔𝑐 Gas Connection 

𝑠 Scenario 

𝑡 Stage 

𝑏 Block 

𝑛 Electrical Node 

𝑙 Transmission line 

𝑛+(𝑙) Initial node of line 𝑙 
𝑛−(𝑙) Terminal node of line 𝑙 
𝑑 Dam 

ℎ𝑐 Hydro connection 

ℎ𝑐+(𝑔/𝑑) Hydro connection with ending point at generator 𝑔 or dam 𝑑 

ℎ𝑐−(𝑔/𝑑) Hydro connection with starting point at generator 𝑔 or dam 𝑑 

 

PARAMETERS 

ℎ𝑔 Heat Rate of Generator 𝑔 [m3/MWh] 

𝑝𝑚𝑎𝑥𝑔 Max Power of Generator 𝑔 [MW] 

𝛽𝑔 Variable Cost of Generator 𝑔 [US$/MW] 

𝛾𝑐
𝑇𝑜𝑃 Price of Take-or-Pay Contract 𝑐 [US$/m3] 

𝛽𝑐
𝑇𝑜𝑃 Equivalent price of Take-or-Pay Contract 𝑐 [US$/MWh] 

𝛾𝑐
𝑆𝑝𝑜𝑡

 Price of Spot Contract 𝑐 [US$/m3] 

𝛽𝑐
𝑆𝑝𝑜𝑡

 Equivalent Price of Spot Contract 𝑐 [US$/MWh] 

𝑣𝑚𝑖𝑛𝑔𝑡/𝑑 Minimum Volume of Gas Tank 𝑔𝑡 or Dam 𝑑 

𝑣𝑚𝑎𝑥𝑔𝑡/𝑑 Maximum Volume of Gas Tank 𝑔𝑡 or Dam 𝑑 

𝑣𝑖𝑛𝑖𝑔𝑡/𝑑 Initial Volume of Gas Tank 𝑔𝑡 or Dam 𝑑 

𝑣𝑓𝑖𝑛𝑔𝑡/𝑑 Final Volume of Gas Tank 𝑔𝑡 or Dam 𝑑 

𝑌𝑐 Minimum Volume fraction of  Take-or-Pay Contract 𝑐 [0 to 1] 

𝑋𝑐 Penalization fraction of Take-or-Pay Contract 𝑐 [0 to 1] 

𝜌𝑠 Probability of Scenario 𝑠 
Δ𝑡 Duration of Stage (time period) 𝑡 [h] 

Δ𝑡,𝑏 Duration of Block 𝑏, of Stage 𝑡 [h] 

𝐸𝑐 Contracted Energy [MWh] 

𝛼 C-VaR confidence level [0 to 1] 

𝜔 Risk Aversion of System Operator [0 a 1] 

𝑟𝑙 Resistance of Transmission Line 𝑙 [Ohm] 

𝑥𝑙 Reactance of Transmission Line 𝑙 [Ohm] 

𝑝𝑓𝑚𝑎𝑥𝑙 Maximum transfer capacity of Transmission Line 𝑙 [MW] 

𝐷𝑒𝑚𝑛,𝑠,𝑡,𝑏 Load at node 𝑛 [MW] 

𝐴𝑓ℎ𝑐,𝑠,𝑡,𝑏 Affluent of hydro connection ℎ𝑐, at Scenario 𝑠, Stage 𝑡, Block 𝑏 [m3/s]  

𝜂𝑔 Efficiency of Hydro generator 𝑔 [MW/(m3/s)] 

𝐾𝑑 , 𝐾1𝑑 Polinomial factors for filtrated flow approximation of dam 𝑑 [m3/s], [1/s] 



xv 
 

𝜂𝑔 Efficiency of Hydro generator 𝑔 [MW/(m3/s)] 

VARIABLES 

𝑃𝑔,𝑠,𝑡,𝑏 Generated Power by Generator 𝑔, at Scenario 𝑠, Stage 𝑡, Block 𝑏 [MW] 

𝑉𝑐
𝑇𝑜𝑃 LNG Contracted Volume with Take-or-Pay Contract 𝑐 [m3] 

𝑉𝑐,𝑠,𝑡
𝑆𝑝𝑜𝑡

 LNG Contracted Volume at Spot Market 𝑐, at Scenario 𝑠, Stage 𝑡 [m3] 

𝐷𝑐,𝑠,𝑡 LNG Delivered Volume of Take-or-Pay Contract 𝑐, at Scenario 𝑠, Stage 
𝑡 [m3] 

𝑉𝑔𝑡,𝑠,𝑡,𝑏 Volume of Gas Tank 𝑔𝑡 at Scenario 𝑠, Stage 𝑡, Block 𝑏 [m3] 

𝐹𝑔𝑐,𝑡,𝑏,𝑠 Gas Flow through Gas Connection 𝑔𝑐, at Scenario 𝑠, Stage 𝑡, Block 𝑏 
[m3/h] 

𝑉+ Auxiliary variable for Minimum Volume Take-or-Pay Contract 
formulation 

𝐶𝑠  System cost (operational + LNG supply) at Scenario 𝑠 
𝑉𝑎𝑅  Auxiliary Variable (Value at Risk) for C-VaR formulation 

𝐶𝑉𝑎𝑅 Auxiliary Variable (C-VaR) for C-VaR formulation 

𝑍𝑠 Auxiliary Variable (associated to Scenario 𝑠) for C-VaR formulation 

𝑝𝑓𝑙,𝑠,𝑡,𝑏 Power flow through Transmission Line 𝑙 [MW] 

𝐿𝑜𝑠𝑠𝑙,𝑠,𝑡,𝑏 Transmission Losses in Transmission Line 𝑙 [MW] 

𝜃𝑛,𝑠,𝑡,𝑏 Angle of electrical node 𝑛 [rad] 

𝑄𝑇ℎ𝑐−(𝑔),𝑠,𝑡,𝑏 Turbined flow at generator 𝑔 [m3/s] 

𝑄𝑆ℎ𝑐−(𝑔),𝑠,𝑡,𝑏 Spilled flow at generator 𝑔 [m3/s] 

𝑄𝑅ℎ𝑐−(𝑑),𝑠,𝑡,𝑏 Released flow of dam 𝑑 [m3/s] 

𝑄𝐹ℎ𝑐−(𝑑),𝑠,𝑡,𝑏 Filtrated flow of dam 𝑑 [m3/s] 

𝑄𝑂𝑣𝑓ℎ𝑐−(𝑑),𝑠,𝑡,𝑏 Overflow of dam 𝑑 [m3/s] 

𝑄𝐸ℎ𝑐,𝑠,𝑡𝑏 Extracted flow of dam 𝑑 [m3/s] 

𝑉𝑜𝑙𝑑,𝑠,𝑡 Stored volume at dam 𝑑 [m3] 

   


