G1UNIVERSIDAD PONTIFICIA COMILLAS DE MADRID

ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
(Instituto de Investigacion Tecnoldgica)

ANALYSIS OF THE OPERATION AND
CONTRACT MANAGEMENT IN
DOWNSTREAM NATURAL GAS MARKETS

Tesis para la obtencion del grado de Doctor
Directores: Prof. Dr. Javier Reneses Guillén
Prof. Dr. Julian Barquin Gil

Autor: Ing. Pablo Duenas Martinez

Madrid 2013






Acknowledgments

When | finished my Master thesis, | was not sure whether to take the challenge of doing
a PhD. Although | love challenges, | hate working on the same subject for long. Three
topics were on the table: continuing with the Master thesis, continuing working on the
electric power sector, or starting a new voyage into the gas sector. The outcome is well
known. | would therefore like to start by expressing my gratitude to both Javi and Julian
because, without them, | would have not even taken the risk. From the beginning to the
end, Javi has always known perfectly how to keep up my motivation and helped me out
with excellent, realistic, and sensible solutions. Even though Julian moved to the industry
side a few months ago, he did not quit research, but continued, as close as ever, provid-
ing splendid and inspiring ideas, which are spread all over this thesis. They were a great
team from whom | have learnt so much; so, thank you again for allowing me to be part of

this voyage.

This thesis has not only been developed in Spain, but also has a touch of MIT, where |
spent three fantastic months. First of all, | am grateful to Melanie Kenderdine for being a
wonderful host during that time and inviting me later to the MITElI Symposium, where |
had the opportunity of presenting part of this work. | also appreciate the opportunity of
working with Joe Hezir. Moreover, | especially would like to thank Ignacio for introducing
me to the MIT community, and to Maite and Noel for their kindness and hospitality in the
fough moments. Special thanks as well to Mort and his group of students, to the Electrici-
ty Student Research Group, to my MITEI colleagues, and to the professors | had the
opportunity to talk to for their valuable comments. | would like to mention all of you, but it
would require an additional chapter. In the future, | hope to be able to give back a little of
what you gave me in Boston.

Back to Madrid, | would like to express my gratitude to the members of the IIT commit-
tee, Ignacio, Andrés and Javi GG, for their constructive comments, which have improved
this document a lot. Besides, thank you to all my IIT colleagues during these years for
your support in every moment. Again, | would need another chapter to mention all of you.
Only the breakfast group would require one. Anyway, special thanks to all the members
of VALORE and OMEGA, on both the IIT side and the Endesa side, with whom | have
closely worked and without whom this thesis would lose its significance. In addition, |
would like to show my indebtedness to Adelaida, for every coffee break in the basement;
Alvaro, my travelling companion; Maria, because this thesis would have not been fin-
ished without you; and Sonja for whom no thank you can ever be enough.

Finally, many people have boarded and got off during this voyage that has lasted four
years. | am sure that somehow a piece of each one has remained in this thesis. Moreo-



ver, | would like to thank every one of my friends, those who have not been already men-
tioned above, for being by my side all this time despite my absence. You can now check

pressing my gratitude to my parents and my sister, who put up with me and my slides.

This thesis is also yours.



Contents

CHAPTER 1 — ANALYSIS OF DOWNSTREAM NATURAL GAS MARKETS: MOTIVATION AND

OBJECTIVES

1.1. EVOLUTION OF THE NATURAL GAS INDUSTRY

1.2. FROM WELLHEAD TO BURNER TIP

1.2.1. UPSTREAM SEGMENT

1.2.2. DOWNSTREAM SEGMENT

1.2.3. BUSINESS RELATIONS

1.3. LITERATURE SURVEY ON GAS MARKET MODELS
1.4. THESIS OBJECTIVES

1.5. How TO READ THE REMAINDER OF THE DOCUMENT
1.6. REFERENCES

CHAPTER 2 — GASCOOP, A MODEL FOR CONTRACTING AND OPERATING IN ENTRY-EXIT

GAS SYSTEMS

2.1
2.2.
2.3.
2.4,

241.
242
243.
244

2.5,

2.51.
252
2.53.
254.

2.6.

2.6.1.
2.6.2.

2.7.
2.8.

2.8.1.
2.8.2.

THE SHIPPER AS THE MAIN CHARACTER
REGULATORY FRAMEWORK: ENTRY-EXIT SYSTEMS
A SHIPPER FACING AN ENTRY-EXIT SYSTEM
OPTIMIZING OPERATION DECISIONS
LNG REGASIFICATION TERMINALS
CROSS-BORDER PIPELINES
STORAGE FACILITIES
BALANCING ZONES
OPTIMIZING CAPACITY CONTRACT PORTFOLIOS
LNG REGASIFICATION TERMINALS
CROSS-BORDER PIPELINES
STORAGE FACILITIES
BALANCING ZONES
SHIPPERS’ INTERACTION IN BALANCING AND CAPACITY MARKETS
BALANCING OTC MARKETS
SECONDARY CAPACITY MARKETS
A FEW WORDS ABOUT THE DEMAND
DESCRIPTION OF THE IBERIAN NATURAL GAS MARKET
TECHNICAL DETAILS OF THE PHYSICAL SYSTEM

MARKET STRUCTURE

© 00 N O o1 W

12
13
14

17

19
21
23
26
26
30
32
36
39
42
43
43
44
46
46
48
50
51
53
58



2.8.3. REGULATORY FRAMEWORK 61

2.9. SHIPPERS' BEHAVIOR IN THE IBERIAN NATURAL GAS MARKET 64
2.10. BRIEF SUMMARY OF CONTRIBUTIONS 71
2.11. BRIEF SUMMARY OF FUTURE DEVELOPMENTS 72
2.12. REFERENCES 73

CHAPTER 3 — MANAGEMENT OF TRADITIONAL SUPPLY CONTRACTS WITHIN A GLOBALIZING

GAS MARKET 75
3.1. ANINCIPIENT GLOBAL GAS MARKET 77
3.2. THE ROLE OF TRADITIONAL SUPPLY CONTRACTS IN EUROPE 78
3.3.  MANAGEMENT OF GAS SUPPLY CONTRACTS 82
3.3.1. EXCEEDING MAXIMUM GAS DELIVERIES 84
3.4. LNG CARRIERS CONNECTING DISTANT MARKETS 85
3.4.1. LOADING LNG CARRIERS 86
3.5. SPEEDING UP RESOLUTION TIME: SHAPE, SAND AND POLISH 88
3.6.  APPLICATION TO THE IBERIAN NATURAL GAS MARKET 90
3.7. SHIPPERS' BEHAVIOR WITHIN A GLOBAL GAS MARKET 94
3.8. BRIEF SUMMARY OF CONTRIBUTIONS 99
3.9. BRIEF SUMMARY OF FUTURE DEVELOPMENTS 99
3.10. REFERENCES 101

CHAPTER 4 — ECONOMIC CONSEQUENCES OF INCLUDING A VIRTUAL HUB INTO AN ENTRY-

EXIT SYSTEM 103
4.1. ORGANIZED MARKETS AFTER THE GAS MARKET LIBERALIZATION 105
4.2. MEASURING ORGANIZED MARKETS PERFORMANCE 107
4.3. INCORPORATION OF A VIRTUAL HUB IN AN ENTRY-EXIT MODEL 108
4.4, VALUATION OF ORGANIZED MARKET ALTERNATIVES 110
4.4.1. GAs TARGET MODEL OBJECTIVES 111
4.4.2. SHIPPERS BEHAVIOR IN VIRTUAL HUBS 114
4.4.3. PRICE SENSIBILITY TO SUPPLY VARIATIONS 116
4.5. BRIEF SUMMARY OF CONTRIBUTIONS 117
4.6. BRIEF SUMMARY OF FUTURE RESEARCH GUIDELINES 118
4.7. REFERENCES 118

CHAPTER 5 — INTERTWINED ENERGY MARKETS UNDER UNCERTAINTY: DECISION MAKING IN
GAS AND ELECTRICTY MARKETS 121



5.1.
5.2.
5.3.

5.3.1.
5.3.2.
5.3.3.
5.3.4.

5.4.
5.5.
5.6.
5.7.
5.8.

CHAPTER 6 — CONCLUSIONS, ORIGINAL CONTRIBUTIONS AND FUTURE RESEARCH

A FASHIONABLE FUEL FOR ELECTRICITY GENERATION
FROM GAS WELLHEADS TO WINDMILLS
GAS PURCHASES, CAPACITY CONTRACTS AND POWER MARKETS
PURCHASING AT GAS SPOT MARKETS
CONTRACTING PIPELINE CAPACITY
OPERATING IN ELECTRICITY MARKETS
COUPLING GAS AND ELECTRICITY MARKETS
DESCRIPTION OF A REALISTIC SYSTEM
MARKET RESULTS AFTER COORDINATED OPERATION
BRIEF SUMMARY OF CONTRIBUTIONS
BRIEF SUMMARY OF FUTURE DEVELOPMENTS

REFERENCES

GUIDELINES

6.1.
6.2.

6.2.1.
6.2.2.

6.3.

THESIS SUMMARY

ORIGINAL CONTRIBUTIONS
MODELING CONTRIBUTIONS
REGULATORY STUDIES

FUTURE RESEARCH GUIDELINES

123
125
128
130
131
133
137
138
141
144
145
146

149

151
153
153
155
155






List of Figures

Figure 1-1 — Natural gas chain within upstream and downstream segments

Figure 1-2 — Business relations in downstream gas systems

Figure 2-1 — Gas market upstream and downstream segments

Figure 2-2 — Shippers’ participation in downstream gas markets

Figure 2-3 — Entry and exit flows

Figure 2-4 — Overall model structure graphical representation

Figure 2-5 — Schematics of a LNG regasification terminal

Figure 2-6 — Schematics of cross-border pipelines

Figure 2-7 — Upper and lower bounds on net flows in underground storages

Figure 2-8 — Schematics of an underground storage

Figure 2-9 — Schematics of a balancing zone

Figure 2-10 — MIBGAS picture

Figure 2-11 — MIBGAS daily conventional and GFPP demands in GWh

Figure 2-12 — Spanish and Portuguese daily conventional and GFPP demands in GWh

Figure 2-13 — Companies conventional demand shares

Figure 2-14 — GFPP demand of company ESP2 in GWh

Figure 2-15 — Monthly carrier arrivals to LNG regasification terminals

Figure 2-16 — Balance between entries to and exits from MIBGAS

Figure 2-17 — LNG regasification terminals utilization pattern

Figure 2-18 — Underground storages ultilization pattern

Figure 2-19 — Cross-border pipelines utilization pattern

Figure 2-20 — Capacity contract portfolio of ESP1 in LNG regasification terminal at Barcelona _

Figure 2-21 — Capacity contract portfolios of OT in underground storages Serrablo and Carrigo

Figure 2-22 — Capacity contract portfolio of PORZ2 in Badajoz on the Portuguese side
Figure 2-23 — Conventional demand capacity contract portfolio of POR1 in Portugal
Figure 2-24 — GFPP demand capacity contract portfolio of ESP1 in Centro

Figure 3-1 — A shipper within the global gas market

Figure 3-2 — Proposed resolution approach

Figure 3-3 — Monthly exercise by ESP1 of its contract portfolio

Figure 3-4 — Destination of LNG deliveries by POR2

Figure 3-5 — Cross-border pipeline utilization between Spain and Portugal

Figure 3-6 — Monthly carrier arrivals during 2012, reality vs. model

Figure 4-1 — Schematics of the single EU gas market

Figure 4-2 — Entry and exit flows, and balancing operations in a virtual hub

Figure 4-3 — Pre-investment and post-investment MIBGAS situation

Figure 4-4 — Shippers’ marginal costs in 6VH and SVH cases

Figure 4-5 — Zonal marginal costs in 6VH and SVH cases

107
109
111
114
115



Figure 4-6 — Price-supply curve of the virtual hub (linear function) 116

Figure 4-7 — Price-supply curve of the virtual hub (quadratic function) 116
Figure 5-1 — Graphical representation of reducing the gas system to a gas spot market 124
Figure 5-2 — Graphic representation of overall model structure 129
Figure 5-3 — Day-ahead electricity market with inelastic demand 133
Figure 5-4 — lllustrative example of system states definition 135
Figure 5-5 — Daily gas households demand 138
Figure 5-6 — Monthly net electricity demand by load level in MW-e 140
Figure 5-7 — Inelastic electricity demand and wind power generation scenarios in MW-e____ 141
Figure 5-8 — Electricity and gas prices vs. free pipeline capacity 142
Figure 5-9 — Daily thermal generation mix in GWh-e 142

Figure 5-10 — Capacity contract portfolio of the generation company with secondary market __ 143

Figure 5-11 — Expected contract portfolio and gas flows 143

Figure 5-12 — Capacity contract portfolio of the generation company without secondary market144

Figure 6-1 — Entry-exit model extension to point-to-point access system 151




List of Tables

Table 1-1 — Main models COMPAIAtIVE ................oooi i 11
Table 2-1 — LNG regasification terminals characteristiCs..............cc.coovoeiiiiieeiiisiiiii i 54
Table 2-2 — Initial and final inventories in LNG regasification terminals..............c.ccccccooceivvvieeennnn. 54
Table 2-3 — Cross-border pipelines characteriStiCs...............uuueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeevevesesesesasnnns 55
Table 2-4 — Underground storages CharacterisStiCs .............c..ccouiueeiiiiiieeiiiiee e 56
Table 2-5 — Initial and final inventories in underground StOrages...............ccoceeveveeiiiscieeiisiieeeeas 56
Table 2-6 — Connection capacity between balancing ZONEeS ..............cccccuoveeeeiisiieeeisiiiee e 57
Table 2-7 — Line-pack capacity, and initial and final inventories in balancing zones..................... 57
Table 2-8 — Import and export limits on cross-border pipelines ............ccoooviooooeieeeeeiiceeeeee 60
Table 2-9 — Established tariffs in LNG regasification terminals..................ccoccoovvvieiiincieeiiniienecs 61
Table 2-10 — Established tariffs in cross-border pipelines .................oooei e oo 62
Table 2-11 — Established tariffs in underground StOrages..............ooceeeiioieeiiisiiiiiisiie e 62
Table 2-12 — Established entry-exit tariffs in balancing zZoNes ..............cccocvveeiivvieiiiscieei e 63
Table 2-13 — Medium- and short-term contract exXtra-Costs .............cocveeeiieieeiisiiiie i 63
Table 2-14 — Percentage utilization of inter-zonal connections...............ccoooeeooeooeeeeeeeesecieeeaee 66
Table 2-15 — Expenditures in capacity contracting in million EUrOS ...............cccccoeeevivieeiisineeeeas 70
Table 3-1 — Monthly prices in €/ MWh and capacities in GWh in spot markets.............ccccccccoo...... 90
Table 3-2 — Type and market of origin of contract portfolios...............ccccoemmiiiooiioiieeeeeeeeee 91
Table 3-3 — Supply contract characteristics (volumes in TWH) ..........cceeiroieiiiiiiiieee e 92
Table 3-4 — Monthly supply prices according to customs declarations in €/MWh.......................... 92
Table 3-5 — Supply contract characteristics (diverted volumes in TWh) ...........ccooeviviieiiiiieeci. 93
Table 3-6 — Supply contract characteristics (diverted VOIUMES)...............cocceeeiiivieiiiiiiiii e 93
Table 3-7 — Size and computational time of each model execution....................eeeeeeeeeeeeveeeveeeennnn. 94
Table 3-8 — Annual unitary gas COStS iN €/MWR..........c..ooiiroieeeeee e 96
Table 3-9 — Dual variables of annual maximum volume constraints and average supply costs.... 98
Table 3-10 — Carrier loadings at LNG regasification terminals .................ccocceevvvieiiisiieeeiniieeees 98
Table 4-1 — Churn rate fOr @aCh CASE.............ooovuiiii et 112
Table 4-2 — HHI value and evolution with respect to NM €asSe ...........ccccoooiioooieeiiieeeeeeee 112
Table 4-3 — Percentage of days of RSI @bOVe T10%6 .......eeeeeeeeeeeeee e 113
Table 4-4 — Percentage of days of RSI @bOVe TT10% ........cccuueiiieieeeiiiee e 114
Table 4-5 — Shippers’ traded quantities in virtual hubs in GWHh .............oooeeveeevvveveeeeeveveeevevevivannn, 115
Table 4-6 — Shippers’ market shares after virtual hub trading ..............ccooooooioiiieieieeee 115
Table 5-1 — Unit commitment, start-up and shut-down deciSiONS ...............ccccoveeeeieeiiiiciieeeaae. 136
Table 5-2 — Medium- and short-term contract exXtra-CoSts .............ccoovceeeeisceiiiiciii e 139
Table 5-3 — Technical characteristic of the thermal Groups ...........cc.cccoeeeiioeeiencii e 139
Table 5-4 — Costs of the thermal POWEr PIANTS................eeeeeeeeeeeeeeeee e 139

Table 5-5 — System state transitions during a month (January, central scenario) ....................... 140






Notation

Gas system model

Indices

e Shippers, also known as marketers

f Supply contracts

i International markets, either seller or buyer

a Market areas

b LNG carriers

z Balancing zones

r Regasification terminals

w Berths of regasification terminals

s Underground storages

X Cross-border pipelines

y Years

m Months

d Days

Parameters

QT Capacity of LNG carrier b [GWh]

U, Flexibility in cargo of LNG carrier b [%]

LD Capacity of berth w of regasification terminal r [GWh]

TMET Mooring time of LNG carrier b [days]

REG Daily regasification capacity of regasification terminal r [GWh/day]

QMM Daily LNG road tankers loading capacity of regasification terminal r [GWh/day]
NG LNG storage capacity of regasification terminal r [GWh]

QP Daily importing capacity by cross-border pipeline x to balancing zone z [GWh/day]
P Daily exporting capacity by cross-border pipeline x to balancing zone z [GWh/day]
STO Storage capacity of underground storage s [GWh]
el Daily injection capacity of underground storage s [GWh/day]

EM Injection capacity decline of underground storage s [GWh/p.u.]

TH Daily withdrawal capacity of underground storage s [GWh/day]

EY™ Withdrawal capacity decline of underground storage s [GWh/p.u.]

an Injection days at underground storage s {0, 1}
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Withdrawal days at underground storage s {0, 1}

Daily connection capacity between balancing zone z and balancing zone z’ [GWh/day]
Daily line-pack capacity of balancing zone z [GWh]

Slot assignment tariff for unloading a LNG carrier at regasification terminal r [€/carrier]
Slot assignment tariff for loading a LNG carrier at regasification terminal r [€/carrier]
Tariff for unloading LNG at regasification terminal r [€/GWh]

Tariff for loading LNG at regasification terminal r [€/GWh]

Fixed tariff for contracting regasification capacity in the long term at regasification
terminal r [E/GWh]

Fixed tariff for contracting regasification capacity in the medium term at regasification
terminal r the month m [€/GWh]

Fixed tariff for contracting regasification capacity in the short term at regasification
terminal r the day d [€/GWh]

Penalization for overrunning the contracted regasification capacity in at regasification
terminal r the day d [€/GWh]

Variable tariff for regasifying at regasification terminal r [€/GWh]
Variable tariff for loading LNG road tankers at regasification terminal r [€/GWh]

Tariff for storing LNG at the end of the day at regasification terminal r [€/GWh]

Fixed tariff for contracting import capacity in the long term at cross-border pipeline x to
balancing zone z [€/GWh]

Fixed tariff for contracting import capacity in the medium term at cross-border pipeline x
to balancing zone z the month m [€/GWh]

Fixed tariff for contracting import capacity in the short term at cross-border pipeline x to
balancing zone z the day d [€/GWh]

Penalization for overrunning the contracted import capacity in at cross-border pipeline x
to balancing zone z the day d [€/GWh]

Variable tariff for importing gas by cross-border pipeline x to balancing zone z [€/GWh]

Fixed tariff for contracting export capacity in the long term at cross-border pipeline x to
balancing zone z [€/GWHh]

Fixed tariff for contracting export capacity in the medium term at cross-border pipeline x
to balancing zone z the month m [€/GWh]

Fixed tariff for contracting export capacity in the short term at cross-border pipeline x to
balancing zone z the day d [€/GWh]

Penalization for overrunning the contracted export capacity in at cross-border pipeline x
to balancing zone z the day d [€/GWHh]

Variable tariff for exporting gas by cross-border pipeline x to balancing zone z [€/GWh]

Fixed tariff for contracting storage capacity in the long term at underground storage s
[€/GWh]

Fixed tariff for contracting storage capacity in the medium term at underground storage s
the month m [€/GWh]

Fixed tariff for contracting storage capacity in the short term at underground storage s
the day d [€/GWh]
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Penalization for overrunning the contracted storage capacity in at underground storage s
the day d [€/GWh]

Variable tariff for storing gas at the end of the day at underground storage s [€/GWh]
Tariff for inject gas to underground storage s [€/GWh]
Tariff for withdrawing gas from underground storage s [€/GWh]

Fixed tariff for contracting entry capacity in the long term at balancing zone z [€/GWHh]

Fixed tariff for contracting entry capacity in the medium term at balancing zone z the
month m [€/GWh]

Fixed tariff for contracting entry capacity in the short term at balancing zone z the day d
[€/GWh]

Penalization for overrunning the contracted entry capacity in at balancing zone z the day
d [€/GWh]

Variable entry tariff to balancing zone z [€/GWh]
Fixed tariff for contracting exit capacity in the long term at balancing zone z [€/GWh]

Fixed tariff for contracting exit capacity in the medium term at balancing zone z the
month m [€/GWh]

Fixed tariff for contracting exit capacity in the short term at balancing zone z the day d
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Maximum volume of supply contract f delivered to shipper e during year y [GWh]
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Maximum volume of supply contract f delivered to shipper e during month m [GWh]

Minimum volume, i.e., take-or-pay clause of supply contract f delivered to shipper e
during month m [GWh]

Maximum diverted volume of supply contract f delivered to shipper e during year y
[GWh]

Maximum diverted volume of supply contract f delivered to shipper e during month m
[GWh]

Cost of supply contract f delivered to shipper e during month m [€/GWh]

Profit-sharing coefficient when diverting a volume of supply contract f delivered to
shipper e [%]

Selling price at international market i during month m [€/GWh]
Buying price at international market i during month m [€/GWh]
Maximum spot purchases at international market i during month m [GWh]

World fleet share of LNG carrier b [%]
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LNG

qred
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qred
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qred

IMP
hxze

MP
hxzem

IMP
xzed

AIMP
hxzed

VIMP
hxzed

IMP
t 'xzed

Arrival of LNG carrier b for unloading pertaining to shipper e from international market i at
berth w of regasification terminal r the day d {0, 1}

Arrival of LNG carrier b for loading pertaining to shipper e to international market i at
berth w of regasification terminal r the day d {0, 1}

Percentage of unloaded LNG from carrier b pertaining to shipper e from international
market i at berth w of regasification terminal r the day d [0, 1]

Flexibility of unloaded LNG from carrier b pertaining to shipper e from international
market i at berth w of regasification terminal r the day d [0, 1]
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Gas release in physical swaps at balancing zone z by shipper e the day d [GWh]
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Indices

e Gas consumers

z Balancing zones

J Gas pipelines

g Thermal power groups

m Months

d Days

/ States of the system

k Wind scenarios

Parameters

Qg Intercept of gas cost function [€/MWh-i]

ay Slope of gas cost function [(€/GWh-t)/GWh-]

W Probability of wind scenario k [p.u.]

DgY Conventional demand at balancing zone z by consumer e the day d [GWh-]

Q Daily capacity of gas pipeline j [GWh-t/day]

ol Duration of state of the system / during d for wind scenario k [hours]

NTRN Transitions between state of the system / and state of the system I’ during month m for
mitk wind scenario k

DPWR Power demand in state of the system / of month m for wind scenario k [MW-g]
oA Maximum power of thermal group g [MW-¢]

QM Technical minimum of thermal group g [MW-€]

CV, Variable cost of thermal group g [€/MWh-€]

CF, Commitment cost of thermal group g [€/h]

cd° Start-up cost of thermal group g [€]
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V 2k Gas purchases at virtual hub of balancing zone z the day d for wind scenario k [GWh-1]

(/CFPP Gas-fired power plants demand located at balancing zone z belonging to gas consumer e
zdk the day d for wind scenario k [GWh-t]

he Long-term capacity contracted by gas consumer e at pipeline j [GWh-{]

Hiem Medium-term capacity contracted by gas consumer e at pipeline j the month m [GWh-t]
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Short-term capacity contracted by gas consumer e at pipeline j the day d for wind
scenario k [GWh-t]

Capacity contract acquisition by gas consumer e at pipeline j the day d for wind scenario
k [GWh-]

Capacity contract release by gas consumer e at pipeline j the day d for wind scenario k
[GWh-1]

Capacity contract portfolio of gas consumer e at pipeline j the day d for wind scenario k
[GWh-1]

Production of thermal power group g in state of the system / of month m for wind scenario
k [MW-e]

Commitment decision of thermal group g in state of the system / at month m for wind
scenario k {0, 1}

Start-up decision of thermal group g from state of the system / to state of the system /’ at
month m for wind scenario k [0, 1]

Shut-down decision of thermal group g from state of the system / to state of the system /’
at month m for wind scenario k [0, 1]
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1.1. Evolution of the natural gas industry

Natural gas is a mixture of gaseous hydrocarbons that can be found in underground nat-
ural rock formations, alone or together with petroleum or coal. It mainly consists of me-
thane, 70%-90%, volatile hydrocarbons (ethane, propane, butane), up to 20%, and other
components such as carbon dioxide, water, or hydrogen sulfide. Natural gas is a fossil
fuel. It originates as a consequence of the accumulation of organic matter which is com-
pressed under the earth, similar to the formation of petroleum and coal. For this reason,
the three fossil fuels are often found together. However, natural gas also has a biogenic
origin due to the anaerobic digestion of some microorganisms. This type of natural gas is
also known as biogas or landfill gas because it is nowadays artificially produced from our
own wastes, although the utilization of natural gas from rock formations still prevails.

The beginning of the gas industry is not linked to natural gas, but to manufactured coal
gas as it was initially obtained from coal distillation. Coal gas composition differs from
natural gas as it contains mainly hydrogen, (less) methane, and carbon monoxide, which
results in a lower calorific value. Furthermore, coal gas can only be used for illumination
or heating purposes due to its impurities; so it was gradually substituted by natural gas
when the recovery and long-distance transportation technologies became economically
competitive. In fact, before the mid of the 20™ century, natural gas was released into the
atmosphere or burnt off at oil fields because of its high exploitation costs.

The gradual substitution was possible as consumers were already connected to gas fac-
tories by gas pipelines when gas fields started to be exploited; that is, the product was
not new and the infrastructure already existed. As a matter of fact, the regulatory frame-
work did not change much. If a gas company used to be a vertically integrated monopo-
ly, which owned a gas factory and a gas pipeline network to supply its consumers, after
the advent of natural gas, the gas company maintained as a vertically integrated monop-
oly which did not produce gas, but was supplied by a gas producer which did not actually
manufacture gas, but extract it from gas fields. This relationship between gas companies

and gas producers was based on long-term agreements that remain nowadays.

As time passed by, first local, then national (or regional) gas markets enlarged and were
recently opened to competition in different parts of the world such as in North America,
Europe, Japan, Australia, or New Zealand. Market efficiency (lower prices, greater quali-
ty, etc.) has traditionally been expected to be gained as long as the competitive pressure
increased in liberalized markets. But first, the market liberalization demanded the unbun-
dling of the former vertically integrated monopoly into four main business activities: pro-
curement, transmission, distribution and retail. Similar to the electricity system, procure-
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ment and retail activities can be subject to competition, whereas transmission and distri-
bution activities may not. Distribution is a natural monopoly because it is economically
inefficient to build several gas networks in parallel. In contrast, transmission facilities may
compete under certain circumstances, but must be regulated in order to guarantee third
party access (TPA). Two main TPA approaches have been implemented:

e Point-to-point access (e.g., in North America). Gas companies, which are com-
monly known as marketers, must contract for pipeline capacity from the supply
point to the delivery point in each of the pipelines in which the gas flows. When
pipeline capacity is not available, the marketers can come to an agreement and
directly invest in new pipeline capacity in order to loop, or bypass, the congested
pipeline. The pipeline operator is obliged to provide tap access, i.e., two connec-
tion points at each end of such pipeline.

o Entry-exit access (e.g., in Europe). Gas companies, which are commonly known
as shippers, must contract for entry and exit capacity at the supply point and the
delivery point disregarding the gas route. In short, the gas pipeline network is
embedded in a so-called balancing zone, which is (or should be) defined accord-
ing to network congestions. Price differences between two neighboring balancing
zones provide location signals that should solve the congestion if investments in
pipeline capacity do not take place.

This thesis is mainly focused on the entry-exit access systems that are being implement-
ed in the EU in line with its Third Energy Package to constitute an internal gas and elec-
tricity market. Concerning the gas market, this legislative package defends the unbun-
dling of business activities, the implementation of entry-exit access systems and the
constitution of national or supra-national virtual hubs in order to enlarge the market, re-
duce the barriers to entry and encourage the degree of competition. Nevertheless, the
conclusions and contributions of this thesis, with slight variations, are equally valid for
point-to-point access systems.

Natural gas is advertised as a clean fossil fuel to cope with the climate change. This is
one of the main reasons for the growing interest of the EU, and other countries (e.g., the
U.S.), to gasify their economies. Besides, the development of shale gas extraction has
reduced gas prices, which have also promoted this process. Gasifying the economies is
possible, at least in the medium term, because natural gas has shown its potential as a
reliable source of energy able to substitute other fossil fuels. Natural gas has traditionally
been used for heating purposes; but, for example, new large-scale uses are being con-
sidered for road, air and sea transportation, which used to be an inaccessible territory for
other fuels different from oil. Moreover, in the electric power sector, natural gas is be-
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coming essential to support the integration of renewable, but intermittent, energy
sources. However, although natural gas emits less carbon dioxide than coal or oil, it still
does emit. As meeting the 2°C target demands a zero carbon economy beyond 2050, as
indicated by the International Panel on Climate Change, natural gas appears more as a
bridge towards decarbonization than as a long-term solution.

Therefore, natural gas will play an increasingly important role in the future energy mix. At
the present time, in the context of global relations and liberalized energy markets, well-
working downstream natural gas markets are essential in order to allocate the resources
adequately and to provide the proper economic signals to suppliers, investors, consum-
ers, etc. This relevance increases even more when a consumption country lacks domes-
tic production, as it occurs in most of the EU member states. Market inefficiencies lead to
incoherent or incorrect market decisions that raise gas prices and may impoverish the

country; hence, reducing the net social welfare.

In the next section, we describe both the natural gas chain and the business relations,
which are studied in this thesis.

1.2. From wellhead to burner tip

The natural gas industry is habitually divided into three main segments: upstream, mid-
stream, and downstream. The upstream segment is similar to the oil industry; in contrast,
the midstream segment is not so important because the intermediate treatments of raw
natural gas, such as sulfur removal or odorization, are insignificant in comparison to oil
refinery. Finally, the downstream segment is comparable to the electric power system.
Let us hereinafter incorporate the midstream segment into the upstream or the down-
stream segment and, hence, distinguish between upstream and downstream activities.
The frontier between both segments is habitually established at the border of the con-
sumption country (or region when a country both produces and consumes gas). In what
follows, we describe the links in each segment of the natural gas chain, and introduce
the main stakeholders and the business relations among them.

1.2.1. Upstream segment

The natural gas chain starts with the exploration and production activity. Gas reserves,
that is, the amount that can be economically recoverable, are estimated during the pro-
specting stage, which is really capital intensive. However, as reserves depend not only
on the technology, but also on the market price, gas reserves may vary. According to the
BP Statistical Review of World Energy (BP 2013), the reserves-to-production ratio is 55.7



6 Analysis of Downstream Natural Gas Markets: Motivation and Objectives

years; that is, the proved reserves (probability of recovery above 90%) can cover the
current production during 55.7 years. Even though the classification may change from
year to year, in 2012 Iran (18% of global proved reserves), Russia (17.6%), and Qatar
(13.4%) were the top three countries in the classification of proved reserves.

On the other hand, production depends on whether the natural gas is found associated
with oil, or alone. When natural gas is associated, it is first extracted to recover the petro-
leum. Nevertheless, when transporting gas by pipeline is expensive (e.g., because con-
sumers are far away), it is burnt off or reinjected in order to maintain the internal pres-
sure and, hence, improve the oil recovery. Furthermore, the reinjected gas can be re-
covered in the future. When natural gas is not associated, its extraction depends only on
profitability considerations. The top three production countries in 2012 were the U.S.
(20.4% of world production), Russia (17.6%), and Qatar (4.7%).

One major concern is that production areas are usually distant from consumption areas.
For example, Europe imports gas from Siberia, the Persian Gulf or the North Sea. More-
over, natural gas transport is costly in comparison to oil transport. There are two ways to
transport gas; by pipeline or by LNG carrier. Gas moves along pipelines, which can be
hundreds of kilometers long (such as the Nord Stream that is 1,224 kilometers long and
connects Siberia to Germany), due to the pressure differences at both ends. Compressor
stations are normally installed at regular intervals to raise the pressure which is typically
above 80 bar. In contrast, LNG carriers carry liquefied natural gas to overseas consum-
ers. The process of transporting LNG comprises three stages: 1) LNG is obtained in a
liquefaction facility which lowers the natural gas temperature to -160°C and, therefore,
reduces its volume and increases its energy density; 2) LNG is loaded into a LNG carrier
that ships it to its destination; and 3) LNG is unloaded in a regasification terminal.

Depending on the distance, pipelines or LNG carriers are more cost-effective. Normally,
the economics dictate that up to a few thousands of kilometers, gas pipeline transport is
more cost-effective than LNG carriers. Either by gas pipeline or by LNG carrier, the natu-
ral gas enters the downstream segment.

Upstream Downstream

Underground
storage

High-pressure l"

ipeline . .
PP fransmission Distribution

Regasificatioghe NCIWOM mab _network

terminal

Production . .
-quuefactlon

terminal ) LNGcarrier

Figure 1-1 — Natural gas chain within upstream and downstream segments
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1.2.2. Downstream segment

From the upstream segment description, we know that there are two entrances to down-
stream gas systems: gas pipelines from wellheads and LNG carriers. The gas pipelines
connect directly to the downstream transmission pipeline network which is composed of
high- (20 to 80 bar) to medium-pressure (4 to 20 bar) pipelines which carry gas along the
country. The transmission network connects to the distribution network which carries gas
to end consumers. Unlike transmission networks, distribution networks are composed of
medium- (4 to 20 bar) to low-pressure (0.005 to 4 bar) pipelines to which gas consumers,
such as industries and households, are connected. However, some large consumers
(e.g., electric power plants) may be connected directly to transmission networks.

On the other hand, LNG carriers moor and unload their cargo which is stored in the LNG
tanks of regasification terminals. These terminals vaporize the LNG and introduce it into
the transmission network. Alternatively, the LNG can be loaded into LNG road tankers
which carry it to the consumption point. Furthermore, the LNG can also be reloaded into
another carrier and ship to other destination enabling the possibility of price arbitrage
between non-directly connected (by pipeline) consumption countries.

Furthermore, we have previously remarked that electric power systems and downstream
gas systems are similar. However, there is still a big difference between gas and electric-
ity: the former energy vector can be stored at competitive costs, whereas the latter ener-
gy vector cannot. There are three cost-effective facilities which allow the storage of gas:

¢ Pipeline storage capacity, which is a consequence of maintaining a working pres-
sure, is known as line-pack. Although the line-pack is a small quantity, it serves to
respond to daily demand variations.

e We have already said that LNG can be stored in the LNG tanks of regasification
terminals. The LNG tanks are useful for responding to weekly/monthly demand
variations as their volume is larger than the line-pack capacity.

e Underground storages allow storing large amounts of natural gas. Depleted natu-
ral gas or oil fields, salt caverns, aquifers and mines can be used as underground
storages. Commonly, they serve seasonal purposes as their equipment is com-
monly adapted to injection-withdrawal cycles: an injection period during warm
months, a withdrawal period during cold months. Furthermore, strategic reserves

are habitually maintained in underground storages.

Thanks to the possibility of storing natural gas, the dynamics in downstream gas systems
are slower than in electric power systems. Gas allows for daily balances, while electricity
requires instantaneous balances.
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1.2.3. Business relations

Habitually, one type of company is specialized in each business activity. Gas producers,
which typically have interests in the oil industry, can be either public, i.e., state-owned, or
private companies. Nonetheless, when a private company is interested in exploiting the
gas resources of a foreign country, it must usually come to an agreement with the local
public authorities and, therefore, share the production profits via local taxes or royalties,
or by constituting a semi-public company. State-owned, semi-public or private, this com-
pany is habitually in charge of the whole natural gas chain within the upstream segment,
which includes the operation of the liquefaction terminal and a participation in the high-
pressure pipeline project (sometimes’). On the other hand, LNG carrier services can be
provided by the same gas producer, if it owns its own fleet of carriers, or by any transpor-
tation company.

Within the downstream segment and liberalized markets framework, we can distinguish
three main types of companies. First of all, gas facility operators usually own, maintain,
and operate regasification terminals, underground storages or pipelines; therefore, they
are responsible for guaranteeing proper physical gas flows. Depending on the regulatory
framework, an independent system operator in charge of coordinating the operation
(e.g., daily balances or quality standards) is established. In the second place, local distri-
bution companies maintain and operate the distribution network and purchase gas on
behalf of the consumers. When retail competition is introduced, retailers take charge of
the economic gas flow, i.e., of purchasing and selling gas to consumers. And, last but not
least, marketers or shippers link the previously enumerated companies: producers, facili-
ty operators, and retailers or local distribution companies.

Let us now distinguish between the physics and the economics of gas flows. Physically
speaking, gas moves from wellheads to consumers through different links. The coordina-
tion among the links can be centralized, by establishing an independent system operator,
or decentralized, by allowing upward or downward communication between the two cor-
responding interconnected links (for example, a local distribution company specifies how
much gas is needed at a certain delivery point to a transmission network operator). Eco-
nomically speaking, gas moves because a consumer pays to a retailer which may (or
may not) pay directly to a producer and to the corresponding facility operators. However,
within liberalized markets, retailers commonly concentrate on their business activity, i.e.,

gas sale, and pays to a shipper (hereinafter, we only utilize this term) for the provided

! Holding a share of a high-pressure pipeline habitually implies holding a long-term supply contract. Conse-
quently, the gas producer will be a shareholder only when it is interested in participating in the downstream
gas system.
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gas. As expected, the shipper has previously dealt with a producer and contracted for
capacity at gas facilities.

Supply Capacity
contract contract
T T

Spot Secondary
markets markets

Figure 1-2 — Business relations in downstream gas systems

Shippers are, therefore, involved in every business relation in downstream gas systems
(Figure 1-2):

e Shippers usually agree long-term supply contracts with producers. Their charac-
teristics (quantities, prices, delivery points, etc.) condition the market results and
in practice determine most of the final gas price; hence, the importance of analyz-
ing their influence. Moreover, shippers interact among themselves in spot mar-
kets or balancing markets in entry-exit access systems. These transactions also
deserve attention as they are the breeding ground to exercise market power.

e Shippers must contract for capacity in every facility by which their gas flows; ex-
cept in entry-exit systems, in which shippers must only contract for entry and exit
capacity. Capacity contracts range from several years to one day. Furthermore,
in order to release unused capacity, secondary capacity markets, in which ship-
pers also interact, are established. Both the capacity contract portfolios and the
willingness to participate in these secondary markets have influence on market
results and, therefore, are worth examining.

Shippers and retailers are also involved in business relations, but as a detailed descrip-
tion of the retail activity is out of the scope of this thesis, they are not considered explicit-
ly. Nevertheless, shippers take on the role of retailers during this thesis as it actually oc-
curs in several downstream gas systems.

1.3. Literature survey on gas market models

Although each chapter includes a specific review of the state of the art, we would like to
highlight here the strengths of this thesis with respect to the existing literature. The core
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of this thesis is a new gas market model that has allowed us to conduct a thorough anal-
ysis of downstream gas systems. When we started with this work, about four years ago,
one of the first papers we read was (Smeers 2008), which carefully examines the possi-
bilities of existing (at that time) models as tools to support the EU decision-making pro-
cess to constitute the internal gas market and fulfill its main three objectives: competition,
security of supply and sustainability. We do not intend to repeat such complete work be-
cause, among other things, since then not-so-many models have been developed to our
knowledge. Nevertheless, (Smeers 2008) was an inspiring paper which identifies several
shortcomings. In a similar way, we have elaborated our own list of shortcomings, but not
limiting ourselves to the objectives of the EU:

o A detailed representation of infrastructure operation, which was already identified
by (Smeers 2008), but also incorporating both capacity contracting decisions and
secondary capacity markets.

o The influence of long-term supply contracts on gas prices, which was also identi-
fied by (Smeers 2008). Moreover, long-term supply contracts may also affect op-
eration and capacity contracting decisions.

o LNG carrier movements have gained relevance during the last years and, there-
by, encouraging the gas market globalization, which also influences downstream
gas systems.

¢ In the European framework, models cannot adequately capture market rigidities,
in particular, the lack of liquidity. In general, establishing an organized market
does not automatically guarantee a well-functioning market.

Another shortcoming that was previously identified by (Smeers 2008) is the considera-
tion of anticompetitive behavior, which may occur in downstream gas systems, mainly:
exercise of market power and market foreclosure. Market power has been traditionally
represented through Cournot competition (Gabriel et al. 2005). However, the Cournot
solution usually overestimates the market price. In order to overcome this drawback,
conjectural variations, e.g. (Boots et al. 2004) or (Zwart et al. 2006), that allow calibrating
the market power (i.e., the resulting market price) have been introduced. On the other
hand, market foreclosure, in which a company restricts access to a good or service (e.g.,
entry capacity), was exclusively addressed a few years ago in order to examine the con-
sequences of the (subsequently unsuccessful) acquisition of the main Spanish electricity
company by the main Spanish gas company in (Vazquez and Barquin 2007); hence,
further future research in this topic is required.

We have evaluated the five models which, in accordance with (Smeers 2008) and to our
criteria, represent gas markets with detail (Boot et al. 2004), (Gabriel et al. 2005), (Zwart
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et al. 2006), (Holz et al. 2008)? and (Lise et al. 2008). In addition, we have included a
recent publication about the Colombian gas market (Villada et al. 2013). Table 1-1 con-
tains the results of the evaluation, in which a white circle points out that a shortcoming is
not addressed at all and a black circle indicates that a shortcoming is fully addressed.

Infrastructure Long-term LNG Market
operation contracts movements rigidities

Competition

Boots et al., 2004
Gabriel et al., 2005
Zwart et al., 2006
Holz et al., 2008
Lise et al., 2008
Villada et al., 2013

Our work

Table 1-1 — Main models comparative

We have detected a relevant and generalized gap regarding LNG carrier movements
because LNG is, at most, included as an upper-bounded quantity disregarding the LNG
chain logistics; and long-term supply contract considerations, which in the best case are
represented as a quantity and a price. Both topics are significant strengths of our model.
A complete representation of the infrastructure operation is achieved in (Villada et al.,
2013), although it lacks some technical details in LNG terminals and underground stor-
ages which may affect the market operation. The other models do not represent every
infrastructure and/or do not incorporate capacity contracts and secondary capacity mar-
kets. Market rigidities are sometimes contemplated by considering a partially contracted
demand or arbitrageurs. We have incorporated both rigidities, but disregarded the price-
demand elasticity, which is incorporated in almost every model. Anyhow, demand elas-

ticity could be incorporated straightforwardly.

Another limitation of our model is that we do not capture anticompetitive behavior, which
may actually occur in still imperfect gas markets. A conjectural variations approach could
be easily integrated in the model by means of a quadratic term in the objective function
as previously done in (Barquin et al. 2004) or (Centeno et al. 2007) for the electric power
sector. However, due to our experience with conjectural variations (Duefas et al. 2012),
we know that this approach is strongly value-dependent. As liberalized markets are rela-
tively young®, we may not have enough information in order to estimate adequate values

2 We have also considered its extensions, such as (Egging et al. 2008) and (Egging et al. 2010).

% As a matter of fact, sometimes even an organized market has not been implemented yet as in the Iberian
peninsula.
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for the conjectures. Furthermore, the anticompetitive behavior of incumbent agents in
gas markets may be more linked to market foreclosure (e.g. capacity hoarding) than to
strategic bidding (as in electric power markets). Hence, we believe that it would be worth
developing an endogenous methodology able to capture both types of anticompetitive
behavior: exercise of market power and capacity hoarding. Nevertheless, modeling both
types of anticompetitive behavior is out of the scope of this thesis.

1.4. Thesis objectives

The general objective of this thesis is to conduct a thorough analysis of downstream gas
markets, principally, within the European regulatory framework, i.e., subject to entry-exit
access systems. This analysis that covers most of the business relations among the in-
volved stakeholders (suppliers, shippers, gas facility operators) focuses on the perfectly
competitive market outcome because this should be the goal of any regulatory authority
that is concerned about an efficient resource allocation. In addition, we believe that busi-
ness relations are better understood when they can be explained with a simple model.
Furthermore, moving away from perfect competition can be straightforwardly achieved

by doing ceteris paribus analyses, in which one condition is modified.

Consequently, our first specific objective is to develop a market model which must be
able to capture accurately the performance of a real gas market that is based on an en-
try-exit access system; so it can provide us with reliable outcomes. Moreover, the model
must not only fulfill our academic purposes, but also be useful for any stakeholder, such
as a market participant, a regulatory authority or a facility operator. The achievement of
this objective requires either developing a tractable model able to cope with real gas sys-
tems or proposing a new methodology in order to reduce the computational time, or both.

As we conduct a market performance analysis, the second specific objective consists of
detecting the market flaws and proposing some regulatory measures to solve or, at least,
alleviate the perverse effect. We intend to propose regulatory measures which not only
favor the competitive environment, but also improve the market efficiency. In short, we
will take the point of view of both companies and regulatory authorities.

Along the lines of the previous specific objective, the EU Third Energy Package includes
the so-called Gas Target Model, which besides some legislative aspects defines a set of
indicators to measure the degree of development of gas markets in diverse aspects: se-
curity of supply, size, liquidity, and competition. Our third specific objective is precisely to
apply the Gas Target Model to a real system, which is composed by Spain and Portugal,
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because, coincidentally, they are currently addressing the establishment of a virtual hub,
i.e., an organized market, in accordance with the Third Energy Package.

Last but not least, our fourth specific objective consists of establishing the foundations of
a recent research guideline that is progressively gaining importance: the interaction be-
tween gas and electric power systems. In detail, we want to examine if the current opera-
tion rules for both systems are adequate to deal with the uncertainty that stems from the

renewable energy sources intermittency without compromising the power system stabil-

ity.

1.5. How to read the remainder of the document

Each chapter starts with a brief introductory section with the purpose of putting the read-
er into context. After a conceptual and motivational introduction of the topic that will be
discussed in the corresponding chapter, its main analytical objective is clearly stated. All
the analyses that have been conducted in this thesis have required the utilization of a
single fundamental model, as we strongly believe that a fundamental model is able to
capture the stakeholders’ behavior and, therefore, to provide an improved representation
of the market performance. Consequently, the model is developed throughout the thesis
at the same time as the analyses are conducted. However, we have made an effort to
write self-contained chapters, even though the reader is occasionally referred to the re-
spective section in which the topic is thoroughly addressed for a better understanding of
the text. Each chapter, in addition, contains a realistic (sometimes, real) case study that
illustrates the analysis and allows us to draw applicable regulatory conclusions. Finally, a
summary of contributions and future research guidelines conclude every chapter.

The remainder of the document is organized as follows:

¢ In Chapter 2, we study the shippers’ behavior regarding the operation and con-
tracting of gas facilities and the interaction among themselves in OTC balancing
and secondary capacity markets within an entry-exit system framework. Chapter
2 also initiates the development of the entry-exit market model that will be used
throughout this thesis; hence, it constitutes a basic chapter, particularly, for a
reader who is not familiar with the topic, in order to observe the utilization pat-
terns of gas facilities by shippers and understand how entry-exit access systems
should perform within a perfectly competitive environment.

¢ In Chapter 3, we open the previously developed local entry-exit market model to
the still globalizing gas market. In particular, we explain the international relations
of shippers and producers, whose most visible consequence is usually a long-
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term agreement, and introduce the key element that brings distant markets clos-
er: the LNG carrier. This chapter allows the reader to be acquainted with and rec-
ognize the influence of the supply activity on the domestic gas market. Further-
more, as the execution time greatly increases with every model extension, we
propose a new methodology in order to reduce the computational time.

e In Chapter 4, we go back to the local gas market, and incorporate an essential
element that was initially omitted on purpose: an organized market. This chapter
presents the market implications of applying a specific type of organized market,
(a virtual hub) in accordance with the EU Third Energy Package. In addition, we
compare different alternatives for establishing a virtual hub and examine the
shippers’ behavior and market performance. The reader will verify that organized
markets and competitive markets are not synonyms; nevertheless, they do en-
courage the competition.

¢ In Chapter 5, we analyze the interaction of gas markets with electric power mar-
kets. The gas consumption upsurge, which has taken place worldwide recently,
cannot be fully understood without considering a relevant gas consumer such as
the gas-fired power plant. Moreover, gas-fired power plants are said to take on a
predominant role in electric power systems during the upcoming years as a sup-
port to integrate renewable energy sources. Precisely, we examine how the un-
certainty of the renewable power generation may affect long- and short-term de-
cisions of gas-fired power plants in gas and electric power systems. The worth of
liquid and competitive markets is again highlighted.

Finally, and following the classic structure of PhD thesis dissertations, we gather in a last
chapter the main original contributions of this thesis and enumerate several future re-
search developments in Chapter 6.
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Chapter 2

GASCOOP, a Model for
Contracting and Operating

In Entry-Exit Gas Systems

In 1817, David Ricardo formulated the law of comparative advantages in his book “On the principles of
political economy and taxation”, whose corollary is that countries, and companies, can gain by specializing in
a good or service. In contrast, the gas industry has traditionally been founded on vertically integrated and
regulated companies. However, the liberalization process has often resulted in the unbundling of former
integrated companies in producers, operators of transportation assets, and retailers. In this context, a new
company (named shipper, but also known as marketer) has found a business opportunity: o mend broken
ties. In this chapter, we analyze the behavior of shippers that receive gas from producers, deliver gas directly
to consumers or to retailers and, in particular, formalize different agreements with facility operators in a

perfectly competitive environment.
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2.1. The shipper as the main character

Natural gas activities can be classified into upstream, midstream and downstream seg-
ments. The oil industry clearly distinguishes the midstream segment from upstream and
downstream segments, since refining is an important process. However, raw gas does
not require numerous and difficult processes before being consumed (at most, sulfur
removal and odorant adding). For this reason, we have distributed midstream activities'
between upstream and downstream segments. The upstream segment involves three
main activities: 1) exploration and production; 2) liquefaction to obtain LNG; and 3) long-
distance high-pressure pipeline or LNG carrier transportation. Subsequently in the chain,
the downstream segment, according to our classification, is made up of another three
activities: 1) transmission, which groups LNG regasification terminal operation, storage
services, and transportation through medium-distance medium-pressure pipelines; 2)
distribution via short-distance low-pressure pipelines; and 3) retail.

From the previous classification, upstream activities are commonly settled in producing
countries, while downstream activities can take place in any country where natural gas is
consumed, independently of being a producing country. Consequently, the boundary
between upstream and downstream segments frequently coincides with an international
border of a country. When gas is transported by LNG carrier, the frontier can be estab-
lished according to the carrier insurance terms, at the dock of the liquefaction terminal or
of the LNG regasification terminal. In contrast, a delivery point in a pipeline network de-
termines the frontier in producing countries where both upstream and downstream seg-
ments are present. Likewise in cross-border pipelines, which connect producing and
non-producing countries, a delivery point is habitually agreed at the international border.

Different companies are specialized in the above mentioned activities (producers, carri-
ers, shippers, operators, intermediaries, etc.). Among these types of companies, ship-
pers play a central role because, in short, they are in charge of linking producers to con-
sumers. Let us observe Figure 2-1, in which both upstream and downstream activities
are illustrated. Shippers participate actively in supply? and retail activities, and make use
of infrastructure to convey gas from wellheads to consumers. Furthermore, shippers take
different roles in downstream markets: they participate as consumers in supply markets,
as suppliers in retail markets, and as third parties when utilizing gas facilities; therefore,
taking on an omnipresent role.

' Midstream activities are indeed often included into the downstream segment.

2 Upstream activities are put together in the supply activity, since an exhaustive analysis of the upstream
segment is out of the scope of this thesis. The supply activity is addressed in Chapter 3.
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Figure 2-1 — Gas market upstream and downstream segments

Supply and retail are typically liberalized activities in which shippers compete among
themselves. A shipper can either formalize an agreement and sign a long-term supply
contract with a producer, or buy directly an amount of gas, for instance, one LNG carrier,
in a spot market, such as the American Henry Hub or the British NBP. Shippers’ partici-
pation in the supply activity is thoroughly treated in Chapter 3. At the other extreme of
the chain, a shipper that participates in the retail activity offers specific products to indus-
trial consumers or households with the objective of increasing its market share. A ship-
per can also deliver gas to a retailer, who will persuade consumers. In both supply and
retail activities, earned profits and assumed risks depend mainly on shippers’ decisions.

On the other hand, infrastructure access can be completely or partially regulated, or
even fully liberalized. Capital-intensive gas facilities are habitually operated in a monopo-
ly regime and, hence, subject to regulated third party access. However, negotiated third
party access, not subject to regulated tariffs, is permitted to encourage private invest-
ments in some regulatory frameworks, like in the EU member states (EC 2009a). Ex-
emption to regulated third party access can also be partial; that is, the exemption does
not apply to total capacity. For example, there are one regulated and one partially regu-
lated LNG terminals in Italy. From shippers’ perspective, regulated or negotiated third
party access regimes are indifferent as far as a shipper has right of access. The right of
access requires formalizing capacity contracts between the infrastructure owner and the
shipper. The type of contract may depend on the gas facility and state regulation (e.g.,
EC 2009a, 2009b). Once a shipper has contracted for capacity, a facility can be utilized.

Shipper
A

Shippe. shipper
B C

Distribution

Supply network

Competition
Competition

Figure 2-2 — Shippers’ participation in downstream gas markets
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In summary, shippers compete among themselves within downstream markets (Figure
2-2). First, they negotiate with producers in order to obtain favorable volume, price and
fulfillment conditions in a competitive environment. Then, shippers formalize capacity
contracts with infrastructure owners, so shippers can utilize gas facilities. Third party
access is sometimes regulated, in which case shippers observe a regulatory framework;
sometimes negotiated, in which case shippers come to an agreement with infrastructure
owners®. Finally, shippers supply gas to a retailer, often formalizing a contract, or directly
sell gas to a consumer, acting as a retailer (as assumed in this thesis).

2.2. Regulatory framework: entry-exit systems

The development of a proper downstream gas market requires, among other market
rules, the definition of quality standards, as well as contracting and operating rules and a
cost recovery framework for the regulated infrastructure* (LNG regasification terminals,
cross-border pipelines, storage facilities, and transportation and distribution networks).
Quality standards, typically a calorific value and certain composition properties, are es-
sential for guaranteeing homogeneous characteristics of the energy product®. Moreover,
these quality standards allow market participants to trade with a reliable product and,
therefore, to obtain a unique market price. However, the homogeneity is only one of the
conditions for a unique market price. Gas market prices may differ (and do differ) geo-
graphically. At a global level, transportation costs, e.g. LNG carrier freights, explain most
of the difference. At a local level, price differences are not only caused by transportation
costs, but also due to the regulatory framework.

On the one hand, point-to-point systems establish two prices at both pipeline extremes.
The difference between both prices (must) reflect transportation costs and scarce ca-
pacity valuation when transportation constraints appear. On the other hand, entry-exit
systems fragment the market by defining balancing zones and establishing entry and exit
tariffs (Alonso et al. 2010). The fundamentals of a balancing zone lie in disregarding
transportation and distribution network characteristics, except at entry and exit points. In
short, the network is embedded into a uniform balancing zone. A zonal market price is

% It is not strange that a shipper participates in the infrastructure ownership, in which case it will face the
operating costs, besides the corresponding capital costs.

4 Negotiated third party access is not omitted on purpose as it is indeed an exception to regulated third party
access. Instead of being imposed by regulatory authorities, the cost recovery framework will be decided by
the infrastructure owner. Nevertheless, the owner is not totally free to set access rules, which are normally
subject to regulatory authorities’ approval.

® Natural gas composition (methane content, hydrogen sulfide presence, etc.) varies depending on its origin.
Later in the chain, “different” gases mix in gas networks yielding a new gas, whose properties are strongly
related to primary gases and, hence, the necessity of establishing quality standards.
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determined from the balancing process, in which each shipper must observe a balance
between inflows, outflows, inventory variations, and buy/sell transactions in the balancing
zone, due to the possibility of storing a small amount of gas in pipelines that can be used
during the day. Naturally, equal market prices should be expected during a day in neigh-
boring balancing zones. However, even when transportation constraints do not appear,
an entry and/or exit tariff does alter the gas price with respect to the neighboring balanc-
ing zone®. Consequently, in order to minimize market efficiency losses, the boundaries of
the balancing zones should ideally coincide with in practice permanent network conges-
tions providing location signals for a better operation.

Nevertheless, the balancing zones may be delimited by unintentional or intentional politi-
cal intervention. Under unintentional political intervention, vested rights are typical cases.
In detail, when the time comes to delimitate balancing zones, a system is divided and
distributed to two (or more) companies, who also become independent system operators
(ISOs). However, the division has nothing to do with any network congestion, but with
the historical ownership of network assets. Under intentional political intervention, we
introduce a new concept: the market area. A market area is not exactly equivalent to a
balancing zone. Geographically speaking, market areas are over balancing zones. In
other words, a market area comprises at least one balancing zone, but the market area
may also comprise more than one balancing zone. Specifically, a market area delimi-
tates a geographic region (commonly, a country), in which the same regulatory frame-
work is enforced. For instance, despite the European Commission’s efforts urging the
common rules for the internal gas market (EC 2009a), the lack of a real harmonization’
of the national regulatory frameworks establishes separate market areas within the EU
borders. The market area is separately defined from balancing zones because when a
shipper decides to participate in a market area, it must adapt its behavior to a different
regulatory framework.

It is worth mentioning that entry-exit systems establish different frameworks to access to,
and remunerate, the network. Other gas assets that are connected to the network do not
follow necessarily an entry-exit system. As a matter of fact, those shippers interested in
utilizing other assets, such as LNG terminals or storage facilities, pay for the offered ser-
vices, which may be unrelated to third party access. Figure 2-3 summarizes the entry

&I gas flows from balancing zone A to balancing zone B, the resulting price in B, pg, is the sum of the price
in A, pa, plus the exit tariff from A, CaBs plus the entry tariff to B, CB A that is, pg = pa + CaB T CBA. There-
fore, despite the lack of congestions, both prices are different unless entry and exit tariffs are equal to zero,
or equal with opposite sign.

" An appropriate harmonization requires going beyond the mere application of universal access or unbun-
dling rules. For example, tariff structures and their values should also be in accordance to provide coherent
economic signals.
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and exit flows in balancing zones. Entries correspond to regasified gas from LNG termi-
nals, imports from cross-border pipelines, withdrawals from storage facilities, and inflows
from neighboring balancing zones. Alternatively, exits correspond to exports by cross-
border pipelines, injections to storage facilities, consumers’ demands and outflows to
neighboring balancing zones. Flows are a consequence of shippers’ operation. Further-

more, shippers must contract for entry and/or exit capacity in some of the above network

Neighboring
marketarea
' 15
Neighboring
Supply balancing zone

<:|_l: Balancing zone
ﬁﬂ Retail
E> Entry flow

Market area I:> Exit flow

points depending on the regulatory framework.

Figure 2-3 — Entry and exit flows

2.3. A shipper facing an entry-exit system

Our objective is to analyze the shippers’ behavior when they participate in an entry-exit
gas market. Other authors have addressed companies’ behavior in regulated and dereg-
ulated downstream gas systems. (Avery et al. 1992) propose a linear programming (LP)
model to optimize purchase, storage and transmission contracts of a gas utility; and (De
Wolf and Smeers 2000) minimize supply and transmission costs of a vertically integrated
gas utility. Both models optimize decisions of a gas utility under a regulated environment.
In contrast, under a deregulated framework, (Gabriel et al. 2005) propose an equilibrium
problem, in which decisions of different companies of the gas chain (producers, network
and storage operators, and retailers) are optimized by solving a linear-complementarity
problem (LCP). In a similar way, (Zwart et al. 2006) also add decisions on investments
and arbitrage on behalf of traders between different markets. (Boots et al. 2004) intro-
duce the concept of successive oligopoly, in which producers extract rent from shippers
and shippers extract rent from consumers. At a national level, (Holz et al. 2008) study
different market structures within the EU, including some capacity constraints between
an incumbent shipper and its market that approximates network constraints among dif-
ferent countries, and (Lise et al. 2008) incorporate investments on transmission capacity
in the EU corridors. Recently, (Villada et al. 2013) analyze security of supply in Colombia
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through a simulation model that incorporates the behavior of producers and wholesalers,
as well as transmission capacity trading.

The model that is introduced below has tried to overcome some shortcomings of the pre-
vious approaches: entry-exit systems, capacity contracting, and different temporal hori-
zons. In fact, besides introducing balancing zones and an entry-exit system, one of the
main strengths of our model is the optimization of capacity contract portfolios (long- and
medium-term decisions), and its influence on the short-term operation decisions. Moreo-
ver, the disaggregation level of the temporal horizon, the day, allows for a really detailed
representation of the operation decisions. Let us go back to the evaluation of current gas
market models (section 1.3, pp. 9-12). In consideration of the evaluation, we close a
relevant gap in this chapter: a detailed representation of the infrastructure operation.
Although we do not model gas pipelines, as we focus on entry-exit systems, we also
include some technical details of LNG regasification terminals and underground storage
facilities, which have been omitted in most models. Furthermore, we have incorporated a
capacity contracting framework that is nowadays applied in gas markets (e.g., the EU or
the U.S.) with slight variations and, to the author's knowledge, has not been addressed
yet.

However, in contrast to some preceding models such as (Boots et al. 2004) or (Gabriel
et al. 2005), and despite the typical concentration of gas markets, we model a perfectly
competitive market. The incorporation of strategic behavior would require a complex
model, which would be probably unable to represent the gas market in detail and, hence,
unable to satisfy the interests of neither the academia nor the industry, which included a
shipper that participates in a downstream market or a regulator that monitors the mar-
ket's performance. Besides the market behavior, some simplifications, which are men-
tioned along the description, have been adopted to preserve not only a tractable, but an
understandable model.

It is, therefore, assumed that the perfectly competitive outcome will minimize total costs
borne by the involved parties, subject to demand and supply constraints. As gas pro-
curement prices and demand volumes, and final consumer demand and prices are held
constant, this statement implies that total regulated costs borne by shippers are going to
be minimized. This is because, from the shippers’ perspective, regulated costs are anal-
ogous to purely technical costs, such as transportation or other operation costs, as no-
body can avoid or negotiate away these costs. The perfect competition assumption re-
quires that a suitably large number of shippers have access to capacity contracts in all
relevant infrastructures to exogenously regulated prices, and that they are able to trade
these capacity rights among themselves.
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Figure 2-4 contains a graphical representation of the overall model structure. Every bal-
ancing zone in each market area includes the required infrastructure to connect supply
and demand, such as LNG terminals, storage facilities, and cross-border pipelines. Both
LNG terminals and cross-border pipelines can be connected with the upstream sector.
Market areas are also interconnected by cross-border pipelines as the regulatory frame-
works are commonly enacted by each country. Balancing zones within a market area are

connected by an equivalent pipeline that determines entry and exit capacities.

Balancing zone A; Balancing zone B;

03 0.0
Balancing zone A,

o || it

L Sins &

]
Market area A Market area B |

Figure 2-4 — Overall model structure graphical representation

In short, the model describes the following process. Each shipper, e=1,2,...,E, that par-
ticipates in each market area, a=1,2,...,A, acquires an amount of gas in supply markets,
i=1,2,...1, which is either delivered by LNG carrier or though a cross-border pipeline. This
amount of gas is used for satisfying its own demand in each balancing zone, z=1,2,...,Z,
by making use of diverse gas facilities, that is, LNG terminals, r=1,2,...,R; storage facili-
ties, s=1,2,...,S; and cross-border pipelines, x=1,2,...,X; which require formalizing capac-
ity contracts. Shippers’ balances among entries, exits and stock variations in gas facili-
ties and balancing zones are monitored each day, d=1,2,...,D, by an ISO; hence, the day
is the model time step. (Another temporal index that is used is the month m=1,2,...M).

The market model is formulated as a combination of MIP and LP problems. For the sake
of clarity, the model formulation is classified into an operation layer (section 2.4) and a
contracting layer (section 2.5) according to shippers’ decisions. In the former layer, deci-
sions are related to physical gas flows; in the latter layer, decisions are related to infra-
structure contracting in order to acquire the right to utilize them. Naturally, both types of
decisions are not independent, but, on the contrary, interdependent, as shown in section
2.5. Afterward, two separate markets are introduced: over-the-counter (OTC) physical
swapping markets (section 2.6.1) that allow shippers to balance their daily position; and
secondary capacity markets in which the shippers can acquire released capacity (section
2.6.2). Finally, demand segmentation is briefly addressed in section 2.7.
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During the model description, uppercase and Greek letters represent parameters, while
lowercase letters represent decision variables. Moreover, decision variables are all con-
tinuous and positive, except when explicitly indicated otherwise. Furthermore, as the day
is the time step, flow variables provide values during the day, while stock variables pro-
vide a value at the end of the day. For the sake of clarity, representative units of meas-

urement are shown in brackets when parameters and variables are first introduced.

2.4. Optimizing operation decisions

Shippers’ operation decision variables are related to infrastructure utilization and result-
ing physical gas flows. Let us go back to Figure 2-3 again. As a balancing zone is in a
nutshell an equivalent of gas transmission and distribution networks, it gains relevance
as a central platform by which (almost) every particle of gas flows. Therefore, the opera-
tion layer description starts with the entry points to the downstream gas market (LNG
terminals and cross-border pipelines), continues with storage facilities and finishes with
balancing zones. Additionally, the regulatory framework commonly defines at least two
operation regimes: normal system operation and under emergency conditions. The mod-
el is intended for medium- to long-term simulations and, therefore, for a normal system
operation regime. Nevertheless, an operation under emergency conditions could be sim-
ulated if some element, e.g., one LNG terminal, were considered to be unavailable when
decisions have partially been taken.

2.4.1. LNG regasification terminals

LNG regasification terminals are one of the doorways to downstream gas markets (the
other doorways are cross-border pipelines). This gas facility, which is located either on-
shore or off-shore, makes the following operations possible:

¢ Reception and unloading LNG carriers.

e Loading LNG carriers.

e Production of gas (regasification of LNG).
o Loading LNG road tankers.

e LNG storage in its tanks.

So far, regasification and LNG storage have been included in gas market models; while
unloading has always been represented in a coarse way. We have gone a step further
and explicitly modeled both carriers and road tankers in order to take account of every
possible operation in detail. These operations include reception and unloading of carri-
ers, production of gas, and storage of LNG in its tanks. With this simple structure (input,
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output, storage), which is reproduced throughout the paper in the different infrastructure,
LNG terminals are useful facilities for diversifying supply sources and for responding to
weekly demand variations. Additionally, LNG terminals offer other output services, such
as loading LNG road tankers and LNG carriers. Loading road tankers is considered by
the model in a straightforward manner since it is a residual activity compared to gas pro-
duction. Loading carriers is an activity that allows shippers to arbitrage when internation-
al markets present relevant price differences. For instance, nowadays after the U.S.
shale gas revolution and the Fukushima incident, differences in price among America,
Europe and Asia are greater than transportation costs, so significant business opportuni-
ties arise. Nonetheless, loading carriers is associated to the supply activity and, hence,
postponed to section 3.4 (pp. 85-88).

Because the LNG carrier world fleet is relatively standardized (and limited), carriers can
be assigned to different categories, b=1,2,...B, according to their capacity Q"¢” [GWh]®.
The number of LNG carriers that can be unloaded at the same time is restricted by the
number of berths, w=1,2,...,W, of a LNG terminal. Each berth dimension QY-° [GWh]
limits the category of carriers that can moor. In addition, depending on the carrier capaci-
ty, the whole operation, including mooring, unloading and departure operations, may
take up to two days.

LNG terminal owners may apply a tariff to each offered service: slot assignment CM&"
[€/carrier], and unloading service CY-? [€/GWh]. Shippers minimize costs associated with
both services:

i MET MET | AULD  ~ULD
Lnin Z (Cr 'Zbubin/ved +Cr ‘q,‘m/ed) (2.1)

Upirwed irwed irw.ed

LNG carrier arrivals to a berth of a LNG terminal from a supply market are represented
through binary variables uYt” . {0, 1}, while continuous variables qi:2, [GWh] represent
the unloaded cargo. The index, i, is here used to define a market of origin of the carrier.
As the supply activity is not addressed in this chapter, so far, we define one market of
origin /4. Furthermore, daily arrivals to LNG terminal berths are considered as known, but

distributed among shippers:

S UM, —UMET b,i=lr,w,d (2.2)

birwed

8 Despite gas volumes can be measured in cubic meters or cubic feet, a way to compare different gas quali-
ties is measuring the heat energy content, i.e. the calorific value, of a gas volume in British thermal units
(Btu) or, as done in this thesis, in Giga-watts-hour (GWh).
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Naturally, a carrier arrival is prevented when the carrier capacity is larger than the berth

dimension:

MET SQUEL = uMET —0 Vb,ir,w,ed (2.3)

As well as any other carrier arrival is not permitted when a carrier is already moored at
the LNG terminal berth:
d'=d

D Uty <1 Vr,i,w,d (2.4)

d'>d-THMET

Binary variables indicate LNG carrier arrivals; however, any carrier is moored during up
to few days T [day]. During this period of time the carrier unloads a percentage of its
cargo, represented by the continuous variable u:2 . [0, 1], whose lower and upper limits
are zero and one, respectively:

d'=d MET

u H ’ .
Uphog= D, —2med wb,ir,w,ed (2.5)
d'>d7TbMET Tb

From (2.5), the whole cargo is unloaded during the arrival day when T¢” =1; each half of
the cargo is unloaded during the arrival day and the immediate next day when TM7 =2;
and so on and so forth (if applicable). The approximation is suitable since the minimum
time step is the day and not the hour; hence, starting and finishing hours of the unloading
process can be omitted.

A last equation converts daily unloaded percentages into energy terms:

Aoy =2, QYT -upe,  Vi,r,w,e,d (2.6)

The objective function (2.1) subject to constraints (2.2)—(2.6) constitutes a MIP problem
that supports shippers’ decision-making process regarding LNG carrier arrivals.

The main operation decision in LNG terminals lies in regasifying (i.e., evaporating) lique-
fied gas g7° [GWh], and injecting it into the transmission network. Sometimes, stored
LNG is loaded into a LNG road tanker g/ [GWh], and transported by road directly to
consumers. In both cases, LNG terminals work similar to natural gas wellheads in pro-
ducing countries. As in the previous case, LNG terminal owners may apply a tariff to re-
gasification service cV,fe¢ [€/GWh], and road tankers loading service cv,™« [€/GWHh].
Shippers minimize costs associated with both activities:
min, > (CVR¥.q5° +CV™ g ) (2.7)

REG TNK
Qred Ared r.ed
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Loading service can also be applied per road tanker. However, bearing in mind that road
tankers tend to be a residual output of regasification terminals, the model does not incor-
porate (discrete variables for) road tankers that will complicate the model resolution with
low added value.

Both regasification and road tankers loading present daily maximum limits Q¢ [GWh]
and Q™¥ [GWHh], respectively:

D qR°<Qf*® vr.d (2.8)
> qm<QM™ vr.d (2.9)

The objective function (2.7) subject to constraints (2.8)—(2.9) constitutes a LP problem
that supports shippers’ decision-making process regarding utilized regasification capacity
and LNG road tankers loading.

Regasification terminals can store LNG g-%° [GWh] in their tanks. In the same way as in
the previous activities, LNG terminal owners may apply a tariff to storage utilization c-"¢
[€/GWh] at the end of the day. Shippers minimize costs associated with storage service:

min > CHV°.qie (2.10)
red r,e,d

The total capacity of a LNG tank includes an immobilized volume (hamed base gas) that
is necessary to keep tanks in operation. The base gas is normally acquired by the facility
owner through a market mechanism, like an auction. Therefore, shippers cannot utilize
base gas because it does not belong to them. In a few words, total LNG tank capacity is
diminished by base gas. The difference between the total capacity and the base gas is
named working capacity. LNG storage capacity Q-"° [GWh] of a regasification terminal is
equal to the sum of working capacities of its tanks. Shippers’ decisions cannot violate the

maximum LNG storage capacity:

D qel <@ wvrd (2.11)

red

Once a carrier has unloaded its cargo, LNG is stored to be subsequently extracted when
LNG is regasified or loaded into LNG road tankers. In order to monitor LNG inventories,
and in accordance to most regulatory frameworks, every shipper should observe a daily
balance among inputs (carriers unloading), outputs (road tankers loading and regasifica-
tion), and inventory variations:

gL g =3 g, —gfEe—qr% re,d (2.12)
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The objective function (2.10) subject to constraints (2.11)-(2.12) constitutes a LP prob-
lem that optimizes shippers’ LNG inventories, which is as well linked to other shippers’
decisions, such as the unloaded or regasified amount of LNG through (2.12).

Figure 2-5 illustrates the MIP problem that results from adding up objective functions
(2.1), (2.7), (2.10) subject to constraints (2.2)—(2.6), (2.8)—(2.9) and (2.11)—(2.12). This
MIP problem supports shippers’ decision-making process by optimizing their operation
decisions in LNG terminals (carrier arrivals, regasification, road tankers loading, and in-

ventory variations).
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Figure 2-5 — Schematics of a LNG regasification terminal
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2.4.2. Cross-border pipelines

Cross-border pipelines are the other doorway to downstream gas systems. As previously
mentioned, when the upstream segment is also present in a consumption country, a de-
livery point in the transmission network usually establishes the frontier between the up-
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stream and downstream segments. In other words, a delivery point acts as a fictitious
“‘international border” connecting with the supply market. Alternatively, cross-border pipe-
lines may also connect two separate market areas as a consequence of a regulatory
fragmentation (section 2.2). Because in this latter case a cross-border pipeline connects
two balancing zones, we define the importing or exporting flow direction for the following
parameters and variables from the point of view of a specific balancing zone. Similar to
other models, we make use of the flow conservation law in order to represent flows along

the cross-border pipelines.

From a market area perspective, cross-border pipelines are used for importing q™*

xzed
[GWHh], or exporting q£% [GWh] gas. Cross-border pipeline owners may apply a tariff to
imports CV¥ [€/GWh] and exports CVE* [€/GWh]. Actually, these tariffs are entry-exit
tariffs as those introduced in section 2.5.4. Shippers minimize import and export costs:
e X;d(cwy " Qe +CVET i) (2.13)
Gas flow through a pipeline depends on some technical parameters, like the diameter or
the friction, and on the difference of pressures at both ends of the pipeline (Martin et al.
2006). Whereas technical parameters are predetermined, compressor stations allow the
control of pressures at both ends and, hence, gas flow management, both in quantity
and direction. Therefore, the gas flow through a cross-border pipeline 257 [GWh] can be
explicitly optimized without losing much detail by overlooking pressures and avoiding
non-linear constraints. The gas flow will be limited by (known in advance) maximum daily
import Q%7 [GWh] and export capacities Q7" [GWh], according to pipeline and com-

pressor stations characteristics:

—QF <fEP <Q¥F Vx,z,d (2.14)

xzd —

The gas flow through a cross-border pipeline fS5° is a free variable that denotes the flow
direction from/to a balancing zone. A positive flow is equivalent to a net gas import (in-
flow); a negative flow is equivalent to a net gas export (outflow). The net gas flow is then

calculated as the difference between shippers’ import and export decisions:
FEP=3 g =Y g2 xzd (2.15)

Constraint (2.15) takes account of backhaul flows; that is, imports (exports) can exceed
maximum import (export) capacity provided that the excess is compensated by exports
(imports). In this way, the real physical flow never violates the constraint. Backhaul flows
have typically to do with contractual commitments in which a shipper has a bilateral ar-

rangement with, for instance, a retailer. Despite gas is probably flowing against nature,
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i.e., from a low price area to a high price area, bilateral arrangement terms together with
backhaul possibility may improve shipper’s operation.

A final consideration regarding cross-border pipelines is that when a cross-border pipe-
line x’ is directly connected to a natural gas production field, exports are impossible and,
hence, must be prevented:

Uzea=0 VX',z,€,d (2.16)

The objective function (2.13) subject to constraints (2.14)—(2.16) constitutes a LP prob-
lem that optimizes shippers’ operation decisions on cross-border pipelines (Figure 2-6).
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Figure 2-6 — Schematics of cross-border pipelines
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2.4.3. Storage facilities

Three different cost-effective facilities allow the storage of significant amounts of gas:

e The first facility is the LNG tank, which have been already addressed in section
2.4.1. LNG tanks are useful facilities for responding to weekly demand variations.
However, they should not be used for storing strategic reserves because their
working capacity permits typically the storage of about two large LNG carriers
(less than 0.1% of the EU-27 consumption in 2011).

e The second facility is the network, i.e., the pipelines themselves, which are ad-
dressed in section 2.4.4. Pipeline storage capacity is known as line-pack. The
line-pack is a small quantity that, nevertheless, is a valuable support to respond
to daily demand variations.

e The third facility, mainly described in this section, is the underground storage.
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Depleted natural gas or oil fields, salt caverns, aquifers and mines are adapted and used
for storing huge gas volumes. Their significant capacity together with their reduced flexi-
bility that (in general) do not allow them to respond to daily or weekly demand variations
make these facilities an adequate place for maintaining strategic reserves®. Underground
storages are commonly less flexible than LNG terminals because, first of all, withdrawal
and injection rates may depend on the amount of stored gas and, secondly, the equip-
ment is commonly adapted to injection-withdrawal cycles: an injection period during
warm months, a withdrawal period during cold months. This characteristic utilization pat-
tern is a consequence of the difference between gas supply, which is almost constant
due to supply contracts characteristics (see section 3.2, pp. 78-82), and demand sea-
sonality, even though two seasonal demand peaks have been observed lately: one peak
during the cold season as a result of gas consumption for heating purposes, and another
peak during the summer due to gas-fired power plants (GFPPs) consumption for electric-
ity generation. However, the cold season peak is still higher than the warm season peak

in most systems.

Underground storage owners may apply a tariff to each of the three main activities asso-
ciated with its utilization: daily storage CV.S™ [€/GWh], injection C!V¥ [€/GWh] and with-
drawal C¢" [€/GWh]. Shippers minimize underground storage utilization costs, that is,
stored gas qS’° [GWh] at the end of the day in, injected gas to ¢/ [GWh] and withdrawn

sed sed

gas from g7 [GWh] underground storages:

Lmin > (CVSTO.SI0 +CIV gl +CE™ . T ) (2.17)

WTH
Used Gsed sed s ed

The underground storage capacity is divided into cushion gas capacity and working gas
capacity. Similar to LNG tanks, cushion gas is necessary to maintain the pressure and
keep the underground storage in operation. Although in case of emergency a part of the
cushion gas can be mobilized (at higher costs), under the normal operation regime the
working gas capacity QS [GWh] is equal to the difference between maximum storage
capacity and cushion gas. Shippers can only utilize working gas capacity to store gas:

> .92 <Q™  vs,d (2.18)

When representing the underground storage operation, models have commonly omitted
backhaul flows, which (virtually) increase the injection and withdrawal capacities, and the
variation of the injection and withdrawal capacities with the gas stock. Both characteris-

® Nonetheless, underground storage typology may improve its flexibility, as it occurs in salt caverns, which
can alter their cycles quickly in short-time periods and are nowadays utilized to respond to peak demands.
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tics have been considered in our model. Net injected or withdrawn gas flow £57° [GWh] is
calculated as the difference between injection and withdrawal shippers’ decisions:

fl®=2  Guea—D Ges Vs, d (2.19)

Similar to (2.15), the net flow 5 is a free variable that is positive when the resulting

flow is equivalent to an injection and negative when equivalent to a withdrawal.

Injecting gas into an underground storage is a mechanical process that requires external
power because the storage pressure is greater than the atmospheric pressure. Varied
equipment, such as a compressor, is needed to inject gas. Therefore, injections can be
maintained constant despite the interior pressure increment while the storage is being
filled, as long as the compressor has enough power. Occasionally, however, the injection
rate may depend on the amount of stored gas:

sTO
£ST0 < QIV _EéNJ'Ze Gsed vs.d (2.20)

STO
s

To be precise, the upper bound of the net injected gas flow is characterized by an affine
function'®, whose intercept is the maximum injection rate Q¥ [GWh] when the under-
ground storage is “technically” empty, i.e., at its cushion gas level or minimum working
pressure; and whose slope EMY [GWh/p.u.] reflects the injection capacity decline when a
storage is being filled, that is, when the working gas stock increases in percentage.

In contrast, withdrawing gas from an underground storage is a process that can take
place naturally as the pressure outside is lower than the storage pressure. Consequent-
ly, except when other external processes are carried out (for instance, water pumping),
the withdrawal rate depends on the amount of stored gas:

£STO > EWTH SSTO_Zeq;TdO_ WTH s d (2.21)

STO S
S

Likewise, the lower bound of the net withdrawn gas flow is characterized by an affine
function, whose slope E¥™ [GWh/p.u.] reflects the withdrawal capacity decline when the
storage is being emptied; and whose intercept is a negative value equal to the difference
between the maximum withdrawal rate Q¢™ [GWh] when the storage is full and the de-
cline slope. Figure 2-7 illustrates both bounds, in which it is remarkable the lower slope
of the injection decline in comparison to the withdrawal decline.

% The upper (as well as the lower) bound is approximated by an affine function to avoid non-linear con-
straints. This approximation is habitually accurate enough.
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Figure 2-7 — Upper and lower bounds on net flows in underground storages

Two additional constraints are necessary when an underground storage is operated ac-
cording to an annual cycle. The cycle is made up of injection days during the off-peak
warm season d*, and withdrawal days during the peak cold season d¢¥™:

fS°>0 Vs,dedM (2.22)
fS7°<0 Vs,ded?™ (2.23)

Backhaul flows, which facilitate an optimal operation, are still possible, but conditioned to
obtain net flows that do not violate either (2.22) or (2.23).

According to most regulatory frameworks, shippers must also observe a daily balance

among inventory variations, injections, and withdrawals:

Qsed ~Gsu(a1) =9ses —Gsea VS, €,d (2.24)
The objective function (2.17) subject to constraints (2.18)—(2.24) constitutes a LP prob-
lem that can be employed by shippers for optimizing their operation decisions (injections,
withdrawals, and inventory levels) in underground storages.

Injection Withdrawal

Figure 2-8 — Schematics of an underground storage
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2.4.4. Balancing zones

A balancing zone represents in a simplified manner'' the gas transmission and distribu-
tion networks that connect an entry point to a downstream gas market with an exit point
from a downstream gas market. Entry points include regasified gas from LNG terminals,
withdrawals from underground storages, and imports from cross-border pipelines. Exit
points include injections to underground storages, exports through cross-border pipe-
lines, and consumers’ demand instead. Balancing zones, which are indeed an equivalent
of transmission and distribution networks, are modeled satisfying the flow conservation
law as in models which represent balancing zones. Nevertheless, we do not only consid-
er entries and exits, but also the storage capacity of pipelines.

According to entry-exit regulatory frameworks, gas transmission and/or distribution net-
work owners may apply a tariff either to daily inflows CV/" [€/GWh] to or to daily outflows
CVPYT [€/GWh] from a balancing zone. From aforesaid entry-exit points, imports and
exports have already been addressed in section 2.4.2. Furthermore, injections to and
withdrawals from underground storages are not commonly charged with an exit or entry
tariff because gas is already flowing within the transmission and distribution networks
and, injections and withdrawals would be double charged otherwise. Actually, injected or
withdrawn gas has already been or will be charged with an entry tariff or exit tariff, re-
spectively. Therefore, shippers minimize costs associated with entries from LNG termi-

nals and exits due to consumers’ demand:

" From the formulation point of view, balancing zones definition avoids the representation of the gas network
and the complexity of calculating gas flows, which are defined by a non-linear equation (Martin et al. 2006).
Although some authors have proposed linear approximations of the equation to calculate gas flows with
optimization models (De Wolf, Smeers 2000; Mufioz et al. 2003; Martin et al. 2005; and Tomasgard et al.
2007), entry-exit systems do not require gas network modeling.



GASCOOP, a Model for Contracting and Operating in Entry-Exit Gas Systems 37

min CV]N. REG L CVRYT.dToT 2.25
qfEe 107 ;j( Zrezq d zed ) ( )

Consumers’ demand d}2 [GWh] represents the aggregation of demand functions of,
first, different customers, such as residential, commercial, and industrial customers, and
GFPPs; and, second, different consumption points'®. Although an exhaustive analysis of
demand segmentation is out of the scope of this thesis, this topic is briefly treated in sec-

tion 2.7.

Within a market area, there may be several balancing zones. The establishment of a
balancing zone may depend on technical or non-technical factors, such as the existence
of capacity constraints, the ownership of the transmission network, or the number of
ISOs (see section 2.2). Whatever the case, the establishment of a balancing zone cre-
ates a new entry-exit point with another balancing zone. Inflows 72 [GWh] from balanc-
ing zone z’ to balancing zone z, as well as outflows 22} [GWh] from balancing z to bal-
ancing zone z’, may also be subject to entry-exit tariffs, whose associated costs are min-
imized by shippers:
A, 2 (CVAHad+ OV 125 (2.26)

Daily flows between balancing zones 22" [GWh] are defined as the sum of shippers’
individual decisions taking account of backhaul capacity:

=Y N -Y 7% V2.2, 2:27)

Maximum daily flows in both directions QZV,QZ%" [GWh] are established by technical
parameters of the pipeline and compressor stations that connect both balancing zones:

—QIN<FEN QXN vz, Z,d (2.28)
A minimum pressure is required within a pipeline to make it operative. The pressure is
achieved by maintaining a quantity of gas inside it. Therefore, transmission and distribu-
tion networks can store a small quantity of gas, which is known as line-pack. Line-pack
capacity can be modified by increasing the interior pressure, as long as the pressures at
both ends are within the security range. The line-pack capacity of a balancing zone Q¢
[GWh] can be used by shippers 2S¢ [GWh] for covering their demand in the (very) short
term, that is, within the day:

12 Actually, each customer is a consumption point. But with such a level of detail, the optimization problem
would be computationally intractable.
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DG <@ vzd (2.29)

A balancing zone not only represents the gas transmission and distribution networks in a
simplified manner, but it also serves for monitoring daily shippers’ balances among in-
flows, outflows, and inventory variations:

PCK _ 4PCK  _ Zrez Grd” +Zsa (nggH ~Geed )+ vz.e.d (2.30)
Qzed qze(‘“) - IMP _ EXP\ ZON _£ZON\_ 4TOT z, )
Z x (qxzed Qzed ) z 7 (fzz’ed fz’zed ) dzed

An I1SO is commonly in charge of monitoring daily shippers’ balances™. If the 1SO ob-
serves a shortage or an excess on behalf of a shipper, the ISO will warn the shipper
about the irregular situation. The shipper will have to put a remedy to the irregularity ei-
ther purchasing or selling gas. Consequently, balancing zones are usually linked to bal-
ancing markets, in which the traded good is gas. Further details on balancing markets
are shown in section 2.6.1 and Chapter 4.

The objective functions (2.25) and (2.26) subject to constraints (2.27)—(2.30) constitute a
LP problem that optimizes shippers’ decisions regarding inflows, outflows and inventory
variations within balancing zones (Figure 2-9).

Imports Regasification

Inter-zonal
flows

Injection
Withdrawal

Figure 2-9 — Schematics of a balancing zone

Finally, LNG road tankers demand is represented straightforwardly, because it is much
lower than consumers’ demand through the transmission and distribution networks and,
hence, a simplified representation does not change considerably the optimization pro-

13 Daily balance monitoring is essential to assure a correct performance of the gas system and an accurate
allocation of the inventories among shippers.
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cess. Road tankers demand in a balancing zone dI}¥ is covered by the LNG terminal of
the same balancing zone for geographical proximity reasons:

D Qe =du vzed (2.31)

A detail description might require representing road tankers as integer variables, optimiz-
ing distances to consumption points from LNG terminals, or including storage capacities
of isolated systems supplied by road tankers. In other words, developing a specific mod-
el with the objective of optimizing road tankers utilization would hold more interest than
its influence on the whole market.

min
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2.5. Optimizing capacity contract portfolios

Contractual decision variables are related to shippers’ capacity contracting decisions to
make use of the infrastructure. Independent of the infrastructure, capacity contracts can
be classified into different categories according to their duration:

e Long-term capacity contracts. Development of new, or extension of, usually capi-
tal-intensive facilities, such as LNG regasification terminals, underground storag-
es, or transportation pipelines, requires huge investments. Gas facility owners
need to assure a certain level of infrastructure utilization in order to recover their
investments. For this reason, open season periods are commonly announced be-
fore starting the construction of gas facilities, so shippers can commit themselves
to make future use of it. Open season periods are win-win games, in which the
shippers reserve firm capacity to supply future consumers and the owners guar-
antee constant revenues to recover their investments. This commitment is formal-
ized through long-term capacity contracts during, for instance, 5, 10, or 20 years,
depending on the regulatory framework and the investment amount. The regula-
tory authorities, who are concerned about encouraging competition, may estab-
lish a threshold of maximum commitment, or long-term contracting, for new (or
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extended) facilities because long-term contracts commonly obstruct the entry of
new shippers.

e Medium- and short-term capacity contracts. Residual capacity, which has not
been contracted in the long term, can be contracted on a medium- or short-term
basis. Medium- and short-term capacity contracts are usually standardized to en-
courage trading transactions in secondary capacity markets. Furthermore, capac-
ity contracts sometimes include use-it-or-lose-it clauses, which oblige those ship-
pers with spare contracted capacity to release it, favoring the entry of new ship-
pers. Monthly (medium-term) and daily (short-term) capacity contracts are the
most typical capacity contacts.

Long-term capacity allocation during open season periods normally goes along with a
first-come first-served basis, although other mechanisms, such as pro-rata, can be used.
Besides typical open season periods, capacity auctions are another possibility for ca-
pacity allocation. The main difference lies in resulting capacity prices: in the former op-
tion, regulatory frameworks usually establish (or approve) capacity prices that allow fa-
cility owners to recover their investments; in the latter option, capacity prices are deter-
mined by an auction. Free medium- or short-term capacity can be allocated on a first-
come first-served basis accompanied again by explicit or implicit regulated prices. In
addition, the regulated prices of medium- and short-term capacity contracts may vary
monthly, or daily, to differentiate peak and off-peak periods within the year.

As a general rule, a shipper submits its daily operation decisions, commonly known as
nominations, to an ISO. The ISO is in charge of verifying that a shipper holds enough
contracted capacity and, after collecting other shippers’ nominations, ensuring gas sys-
tem stability. Exceptionally, and on condition that gas system stability is not compro-
mised, the regulatory framework may allow a shipper to operate over its contracted ca-
pacity, i.e., overrunning its contracted capacity’, although paying subsequent penalties.
In order to avoid penalties, or when overruns are not permitted, a shipper can purchase
capacity in secondary capacity markets (section 2.6.2), in which its competitors release
and sell, voluntarily or forced, their unused contracted capacity. When secondary capaci-
ty markets are not competitive and liquid enough and regulatory authorities are unable to
enforce use-it-or-lose-it clauses, shippers may have an incentive for capacity hoarding,

even though capacity hoarding may imply paying an additional amount of money'® over

" Some regulatory frameworks also allow infrastructure owners to offer capacity contracts that exceed the
infrastructure nominal capacity. However, they also must include a priority access scheme as in the case of
firm and interruptible capacity contracts.

® The difficulty of enforcing use-it-or-lose-it clauses conducts regulatory authorities to establish penalties to
shippers that are underutilizing the infrastructure with respect to their contracted capacity.
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regulated capacity prices. The consequences for the competitors may range from in-
creasing costs due to overrun penalties to market closure. This sort of strategic behavior
is not endogenously considered in this thesis, which represents a perfectly competitive
market; however, their explicit introduction may be relevant to understand the market
performance (Smeers 2008).

One relevant contribution of this thesis is the thorough formulation of capacity contracting
decisions, which moreover condition the operation decisions mentioned above. Capacity
contract formulations for regasification terminals, cross-border pipelines, underground
storages, and balancing zones follow the same pattern, unlike operation decisions that
depend on the infrastructure. For this reason, in the first place, we describe a general
formulation and, then, indicate what capacities are subject to contracting in each infra-
structure. In what follows, (%) is the placeholder for capacities: REG, IMP, EXP, STO, IN,
OUT'®; and (+) is the placeholder for indices: r, x, s, z.

Regarding capacity contracts temporal horizon, long-term capacity contracts h, [GWh]
span the whole simulation horizon (during several years), and medium- and short-term
capacity contracts hi..,hs [GWh] represent standardized monthly and daily capacity
contracts, respectively. Regulated prices, which depend on the facility, are applied to
long- CF* [€/GWh], medium- CF.;, [€/GWh], and short-term CF.; [€/GWh] capacity con-
tracts. Overruns xh;,, [GWh] are permitted, but penalized CX: [€/GWh].

Shippers minimize costs associated with contracting capacity decisions, that is, contract
portfolios and overrunning costs:

i S (CRrhig+Y (CFin-hiam )+ (CFia-hiaa +CX: - xhicy)) (2.32)
h:ed'Xh:(ed €

Everyday each shipper holds a portfolio thy [GWh] of long-, medium-, and short-term
capacity contracts'’:

thicy =hs +Piom+hes  Ve,m/dem,d (2.33)

Shippers’ total contract portfolios are constrained by infrastructure maximum capacities
Q: [GWh]:

'® Some of these abbreviations have been already employed, but some are new. As a reminder, REG, IMP,
EXP and STO stands for regasification, import, export and storage capacities, respectively; while new IN
corresponds to entry capacities from LNG terminals and neighboring balancing zones; and OUT to exit ca-
pacities to neighboring balancing zones and to consumers’ demand, respectively.

' Observe that overruns do not “contribute to” contract portfolios, as they are not indeed a type of capacity
contract.
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S thi<Q: ¥d (2.34)

In addition, the regulatory authorities usually impose maximum commitment thresholds K
[%] (habitually, the same to every facility), which oblige the owners to offer medium- and
short-term capacity contracts to shippers with the final objective of encouraging competi-
tion:

Y hie<K-Q (2.35)

As aforementioned, operation decisions are authorized by an ISO when a shipper has
contracted enough capacity, or when overrunning its contracted capacity does not com-
promise the operational integrity of the system:

Qog <thisq + XMy Ve,d (2.36)

The resulting LP problem from aggregating the objective function (2.32) and constraints
(2.33)—(2.36) optimizes shippers’ capacity contracting decisions.

So far, we have defined the general formulation for optimal capacity contracting. Howev-
er, each facility has its own peculiarities that, although, they do not modify the above
formulation, they do determine the specific capacity to be contracted.

2.5.1. LNG regasification terminals

From previously described operational activities in LNG terminals, gas exits (i.e., regasi-
fication and road tankers loading) determines the facility dimension, because the number
and dimension of berths and LNG tanks depend mainly on regasification capacity and,
residually, on road tanker loading capacity. We consider, as it occurs in some regulatory
frameworks, that LNG terminal owners offer capacity contracts for regasification capacity
and may offer capacity contracts for road tanker loading capacity. Other activities, such
as reception and unloading carriers, and LNG storage services, are subject to contract-
ing regasification capacity. As road tanker loading is a small fraction of gas exits (typical-
ly, 3% to 7% in capacity terms), the formulation only includes regasification capacity con-
tracts, which in turn entitle shippers to berth and unload carriers, to store LNG in the
tanks, and to load road tankers.

Shippers optimize their long-, medium-, and short-term capacity contract portfolio:

i, (CFF0 hEo Sy (CRAFS P )+, (CFE HEP +CXF= wiE®))  (2.37)

REG \pREG 1€
hred ’thsd

thFEe = hiES + hEEC + &S vr,e,m/dem,d (2.38)
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S thEe<QFF wr,d (2.39)
Zeh,’iEGSK-QfEG Y'r (2.40)
GRES <thREC L xhFEe  vir,e,d (2.41)

2.5.2. Cross-border pipelines

Both gas pipeline design and compressor station installation, which account for most of
the investment amount, determine the import and/or export capacities. Correspondingly,
cross-border pipeline owners offer import and/or export capacity contracts; and shippers
optimize their long-, medium-, and short-term capacity contract portfolio:

Jpin 3 (CREPME+ Y, (CRAT hi )+, (CFLf iy +CXP Xty ) (2.42)

IMP "y pIMP X,z,e
hxzed 'thzed

thiP =i +hyeen +hM  \/x,z,6,m/dem,d (2.43)
>t <QWF  vx,zd (2.44)

D il <K-Q¥F vx,z (2.45)

Qe <they +xhity  Vx,z,€,d (2.46)

min_ Y (CEZPhZELY (CEF-hZ0 )+ Y., (CREF -hZ5+CX27xhT5))  (2.47)

EXP \ nEXP X,z,e
hxzed 'thzed

thEE =hES +hE5, +hES VX, z,e,m/dem,d (2.48)
> thSE<Q” vx,zd (2.49)

> hgf<K-Q2® vx.z (2.50)

q2F <th®F + xhE%  vx,ze,d (2.51)

In case of import or export capacity congestions, backhaul flows can partially alleviate
the congestion only if overruns are permitted. If not, backhaul flows could not occur as
additional capacity would not be available. Because backhaul flows are indeed good to
improve market performance, habitually, overruns are weakly penalized (if anything).

2.5.3. Storage facilities

Within storage facilities, LNG tanks are necessary for a proper performance of regasifi-
cation terminals, but LNG storage is not a reason to build LNG terminals. Line-pack ca-
pacity within pipelines is a residual result of gas transportation, but pipelines are not built
to fulfill storage objectives. Therefore, underground storages are by far the most relevant



44 GASCOOP, a Model for Contracting and Operating in Entry-Exit Gas Systems

facility for the seasonal storage of gas in the system. Underground storage owners offer
storage capacity contracts, as storing capacity is the main parameter of these facilities.
These capacity contracts habitually entitle the shippers to utilize injection and withdrawal
services, whose capacities are often allocated in a first-come first-served basis.

Shippers optimize their long-, medium-, and short-term capacity contract portfolio:

H STO },STO STO },STO STO ], STO STO STO
min, >(CRTO-hFO+Y (CREO-hSR )+ Y. (CFI-hf +CRT xhSY)) (252
nI9 xnso e

thSTe =hST° +h$I0 +hSI°  Vs,e,m/dem,d (2.53)
> S <Q™ vs,d (2.54)

D> hEP<K- QT s (2.55)

QSO <thSTP+xh3TP  Vs,e,d (2.56)

2.5.4. Balancing zones

Gas transmission and distribution networks are melted into balancing zones, except in
entry and exit points where capacities are known and, therefore, offered to shippers as
capacity contracts. Entry points include regasified LNG from regasification terminals and
flows from neighboring balancing zones, whereas exit points include consumers’ de-
mands and flows to neighboring balancing zones'®. Other entry-exit points, like cross-
border pipelines and their corresponding import and export capacity contracts, have al-
ready been formulated. Moreover, entry-exit capacities of pipeline connections with un-
derground storages are not subject to contract since their utilization depends on holding
underground storage capacity contracts.

Although there may be different transportation and distribution pipeline ownerships, an
ISO is normally in charge of offering entry and exit capacity, and of sharing the takings
among the owners. As a matter of fact, regulated tariffs are usually calculated all togeth-
er to recover total system costs irrespective of temporal or spatial considerations, which
may distort the economic signals for a proper temporal consumption pattern or consum-
ers’ localization (Vazquez et al. 2012).

Shippers optimize their long-, medium-, and short-term capacity contract portfolio at en-
try points:

'® In order to consider entry-exit points of neighboring balancing zones, these must be enclosed in the same
market area, because otherwise these connections are cross-border pipelines
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min > (CEM-h+Y" (CRM-hitn)+> (CFA -hi,+CXP-xhi)) (2,57
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Maximum entry capacity from a LNG terminal is established by its regasification capacity
(if we assume that the transportation pipeline has been correctly designed); while from a
neighboring balancing zone is limited by the inter-zonal capacity.

Similarly, shippers optimize their long-, medium-, and short-term capacity contract portfo-
lio at exit points:

min Z(CFZOUT«hZOeUT+Zm(CFZ?nUT~h?e%T)+Zd(CF22“T~hOUT+CX§’“T~thUT)) (2.67)
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Total exit capacity Q2" represents the aggregated peak demand that can be provided to

consumers. If the demand were segmented, the total exit capacity could be separated
according to pressure levels and consumer types. Similar to the entry capacity case, the
exit capacity to a neighboring balancing zone is limited by the inter-zonal capacity. Fur-
thermore, in case of entry or exit inter-zonal congestions, backhaul flows may solve a
congestion as long as overruns are allowed because, as with cross-border pipelines,

additional capacity to be contracted would not be available.

2.6. Shippers’ interaction in balancing and capacity markets

Gas markets have traditionally relied on long-term bilateral contracts for covering gas
demand. Producers signed long-term supply contracts with shippers, usually in the con-
text of a win-win game, in which producers guarantee the recovery of their huge invest-
ments in capital-intensive facilities and shippers guarantee a firm supply at prices well-
known in advance. Besides, shippers signed long-term capacity contracts with infrastruc-
ture owners in the context of another win-win game already explained. Finally, consum-
ers, like industries or local authorities on behalf of households, signed long-term con-
tracts with shippers for similar reasons. Nowadays, because the traditional framework
can be found in similar terms or with slight variations in many regions worldwide, pro-
ducers, shippers and consumers still sign these long-term contracts. For instance, point-
to-point systems do reproduce the traditional framework structure, but introducing com-
petition among shippers and even among gas transmission network owners (Makholm,
2012). Alternatively, entry-exit systems that (seem to) suppose a rupture with the tradi-
tional framework, however, share some common elements with the traditional framework
(especially, concerning long-term supply and capacity contracts). In both cases, the ma-
jor change is the opening of the market to competition, whose main consequence is the
interaction among shippers in downstream gas systems. This interaction is reflected in
two sub-markets: balancing OTC markets and secondary capacity markets.

2.6.1. Balancing OTC markets

One fundamental difference between point-to-point systems and entry-exit systems is
the possibility of tracking every “molecule” of gas flowing within the pipelines. Entry-exit
systems, whose main characteristic is embedding transmission and distribution networks
in balancing zones, automatically reject this possibility. Therefore, a way to monitor that
each shipper covers its demand with its own gas is necessary. An ISO is commonly in
charge of monitoring shippers’ entries, exits, and inventory variations within a balancing
zone. And not only the ISO, but the facility owners look after the shippers’ balances in
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their facilities. The day is widely used as the time unit in entry-exit systems in order to
monitor balances, although gas characteristics (particularly, the storage possibility) may
allow considering other time units. In contrast, electric power systems require an instan-
taneous balance between supply and demand as electricity cannot be stored at competi-
tive costs yet.

Shippers can control their entries to a market area through regasification terminals or
cross-border pipelines, but their demand is habitually out of their control due to uncer-
tainty. Although they can submit accurate forecasts in advance to the ISO or to facility
owners, real-time operation decisions may differ from in advance forecasts. In addition,
LNG carrier arrivals are discrete and temporarily distant. Consequently, any shipper may
find itself (positively or negatively) unbalanced at the end of the day. However, a shipper
can solve this situation and comply with daily balance requirements by trading with other
shippers. In fact, some shippers will present an excess (positive unbalance), while other
shippers will present a shortage (negative unbalance) of gas. Before the formation of
organized platforms, such as the virtual and physical European hubs (British NBP, Dutch
TTF, Belgian Zeebrugge, French PEG, ltalian PSV, etc.), shippers traded (and still trade)
in OTC markets. As most organized platforms have been constituted recently and are
still immature, except NBP and probably TTF in Europe, only OTC bilateral operations
are represented herein, leaving the introduction of an organized platform, a hub or spot
market, to Chapter 4. In addition, since the major objective of these operations is balanc-
ing, we model those balancing markets in which shippers collaborate among themselves
transferring gas today in exchange of a future return of gas (physical swaps). In other
words, there are no money transfers like in spot markets. Naturally, these operations
cannot be maintained open indefinitely because, otherwise, price spreads can become
relevant. Therefore, positions should be closed in a short-time period in order to avoid
large price disparities. To the author’s knowledge, physical swaps have not been repre-
sented in current gas market models.

Within entry-exit gas systems, transfers and returns are possible where gas can be
stored, that is, inside LNG tanks, storage facilities and pipelines:

> gaNe =y que vr.d (2.77)
D=2 Vs,d (2.78)
D Q=Y gl vzd (2.79)

In short, transfers and returns are represented by an increase gq.5'¢,q55/°,q5> or a de-

crease q.V¢,qy5°, gy K in gas inventories within a LNG terminal, a storage facility and a
pipeline (contained in a balancing zone) due to an OTC operation, respectively.
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Shippers perform OTC bilateral operations in the search of balancing their entries, exits
and inventory variations daily. Balancing equations (2.12), (2.24) and (2.30) are accord-
ingly modified:

Gro ~rafg1) = Dryy Diwes ~Trg. ~reg +qa - ~CGred' Vr,€,d (2.80)
sod’ ~ou(a1) =Gsod —Gsed +0sed  —Gsea - VS,6,d (2.81)

qPoK _qraK {Z,Ezq,’i’ée+zsez(q§!§”—qéﬁé)+Zx(qi“z”5d—qx’i’§5)—} vzed (2.82)

zed ~ze(a1) = ZON _ fZON TOT | yAPCK _ 4VPCK
er(fzz’ed _fz’zed )_dzed +Qred” —Qzed

Let us assume that every shipper closes all its positions during a moving week in the
same type of infrastructure, and of the same market area. For instance, if shipper A
transfers LNG to shipper B in terminal C, shipper B can return LNG to shipper A in termi-
nal D, being both regasification terminals in the same market area. However, shipper B
cannot return gas in storage facilities or as line-pack in pipelines in exchange for LNG
because depending on the place where gas is stored, a shipper faces different tariffs'®:

d+7

Y (qaae—qye)=0 Ve,d (2.83)
rea,d'=d
S (g5 -qi5°)=0 ve.d (2.84)
sea,d'=d
f (9o -qy)=0 ve,d (2.85)
zea,d'=d

Constraints (2.83)—(2.85) characterize the final result of aggregating multiple individual
physical swaps of different pairs of shippers closing their positions.

2.6.2. Secondary capacity markets

We have previously mentioned that infrastructure utilization requires contracting. At the
same time, market mechanisms that allow a shipper to release its unused capacity and
another shipper to acquire the unused released capacity favor the entry of new shippers
and encourage competition. ISOs and facility owners commonly provide electronic plat-
forms to reduce transaction costs and facilitate cession agreements, which regularly ex-
pire at the end of the day. Organized capacity markets are established where capacity
contracts are offered (regasification terminals, cross-border pipelines, storage facilities,

' For instance, underground storage tariffs are typically cheaper than LNG storage tariffs because the for-
mer facilities maintain strategic reserves. In addition, a gas molecule in a LNG tank faces more tariffs than a
gas molecule in a pipeline before being delivered to a consumer.
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and balancing zones); although OTC markets at higher transaction costs may happen
naturally if organized markets are not available. With the incorporation of secondary ca-
pacity markets, we complete the modeling of capacity contracting decisions, which is one
of the main contributions of this thesis.

Daily acquisitions h%, and releases hY, of unused capacity®® are possible in those facili-
ties where capacity contracts are offered:

D hy=> hy vd (2.86)
These operations modify the daily portfolio of capacity contracts (2.33):
thieq =hie +Niom +Mieq +hisy —hYy  Ve,m,dem (2.87)

This general formulation is easily adapted to different facilities where capacity contracts
are offered. Firstly, in LNG terminals, shippers can acquire and release unused regasifi-
cation capacity contracts:

D hese=>" hifFe vrd (2.88)
thEC = hEF® 1+ hEES + hEC L hAREC _hYREG  \/r e, m,dem (2.89)

Secondly, in cross-border pipelines, unused import and export capacity contracts can be
released and acquired by shippers:

Y e =" bt vx,z,d (2.90)
thi¥P = Wi + hy, + WP+ h2MP _pIMP - X, z,e,m,dem (2.91)
Y hEF=Y hEF vx,zd (2.92)
tho =had +heem +hoe +heey —hies. VX,z,e,m,dem (2.93)

Thirdly, in storage facilities, shippers can release unused storage capacity, as well as
other shippers can acquire the released capacity:

> hSre=Y hSe vsd (2.94)
thSTO =hST° + hS10 + hST0 + hASTO —hYSTO  vs,e,m,dem (2.95)

Finally, in balancing zones, shippers can trade with (that is, acquire and release) unused
entry capacity contracts:

D The placeholders (x) and (*) stand for the same capacities and indices as in section 2.5.
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> h=Y" hil vrzd (2.96)
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And unused exit capacity contracts:

>SN hST vzd (2.100)

thQyT =hQUT + h24T +hQYT +h2S'T RIS vz,e,m,dem (2.101)
Y RT =Y R vz,zd (2.102)

thQlL =hQlT +hQT +hQlT +hi9T —hyouT vz,Z',e,m,dem (2.103)

One of the main advantages that secondary capacity markets offer is facilitating a mech-
anism to reduce long-term contracts rigidity. In addition, it is worth mentioning, although
out of the scope of this thesis, that secondary capacity markets may be a valuable sup-
port to tackle with capacity hoarding opportunities when dominant shippers are interest-
ed in establishing barriers to newcomers.

2.7. A few words about the demand

Two demand types have been defined in a balancing zone: consumers’ demand a9/

zed

and LNG road tankers demand d[2 (section 2.4.4). Their main distinction is the different
path that each type of demand follows from the supply point to the consumption point.
Whereas consumers’ demand in a balancing zone does make use of (transmission and
distribution) pipelines embedded in a balancing zone, road tankers convey gas from LNG

terminals to habitually small isolated systems by, not surprisingly, road.

Simultaneously, the former type of demand can be segmented into different categories
according to its final use. One of the most usual segmentations distinguishes among
demand for heating purposes (domestic, commercial), demand for electricity generation
and demand for other purposes (for instance, manufacturing). It is not the objective of
this thesis to explore the demand functions of different consumers and group them into
different segments. Nevertheless, for its recent and growing importance to gas markets
the demand is segmented in GFPP demand DZ", and conventional demand D" that

includes demand for heating and other purposes. Chapter 5 highlights the GFPP de-

mand relevance and its interaction with conventional demand.
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Both demands are considered as inelastic because gas prices have not been included
yet. Furthermore, both demands are known and exogenous. GFPP gas consumption can
be forecasted with an electric power market model that has such an objective (Centeno
et al. 2007). Another interesting topic is the analysis of the coordination and integration
of both electric power and gas systems, which is addressed in Chapter 5. Regarding the
conventional demand, although shippers are competing in gas markets to increase their
market share, it is not the intention of this thesis to conduct a detailed analysis of retail
markets, for instance, modeling the consumers’ switching rate among companies. Con-
sequently, each shipper covers a constant and known conventional demand. Different
models, such as (Liu et al. 1991) and (Sanchez et al. 2007), can support shippers in
forecasting their conventional demand.

2.8. Description of the Iberian natural gas market

Since 2008, Spain and Portugal have been working together with the objective of estab-
lishing a common gas market. This initiative has its framework in the European Commis-
sion recommendation for the constitution of regional markets in search of the final con-
secution of a single market. Furthermore, the structure of the Iberian gas market (herein-
after, MIBGAS) makes it a paradigm for the analysis of operation and contracting deci-
sions in entry-exit gas markets. For this reason, the case study is inspired by MIBGAS,
replicating its physical and market structure. In contrast, the Spanish and Portuguese
regulatory frameworks are (slightly) adapted to the above exposed regulatory framework,
which nonetheless does not suppose a great deal as both countries have transposed the
EU energy directives. It is important to highlight that the constitution of MIBGAS has not
finished yet and, therefore, there are still two differentiated market areas with their own
regulatory frameworks: Spain and Portugal®’.

Despite the main intention of the case study is to show the performance of the model, for
the sake of reality, an effort has been carried out to gather real technical and market da-
ta. In what follows, the set of data is public information corresponding to 2012 that can
be found on the web pages of the Spanish and Portuguese gas ISOs and/or regulatory
authorities and the electricity market operator?. If some information was not available
and had to be estimated, this is clearly stated during the exposition.

2! Even though both regulatory frameworks are substituted for a general regulatory framework, both separat-
ed market areas are maintained in the case study to replicate the tariff structure differences.

= Enagas is the Spanish gas ISO (www.enagas.es); REN is the Portuguese gas ISO (www.ren.pt). CNE is
the Spanish regulatory authority (www.cne.es); ERSE is the Portuguese regulatory authority (www.erse.pt).
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Huelva

Tarifa

A general system picture (Figure 2-10) might be helpful to follow the whole description.
The situation of MIBGAS at the end of 2012 is the following:

e Spain is divided into five balancing zones, named Levante, Catalunya, Ebro,
Noroeste and Centro. Not every balancing zone is interconnected with each oth-
er. For instance, Noroeste is in practice isolated®. Portugal is constituted as one
balancing zone.

o Each balancing zone has at least one LNG terminal: two in Levante (Cartagena
and Sagunto); one in Catalunya (Barcelona); one in Ebro (Bilbao); one in Centro
(Huelva); one in Noroeste (Mugardos); and one in Portugal (Sines).

o Each market area has at least one large storage facility. Two underground stor-
ages are located in Ebro (Gaviota and Serrablo); and another one is located in
Portugal (Carrico).

Spain and Portugal have merged their electricity markets in a single market, known as MIBEL. Information
on GFPP daily production is provided by the market operator at the Spanish side, OMIE (www.omie.es).

2 Actually, Noroeste has reduced capacity interconnection with Centro, and only through backhaul flows
(i.e., a shipper displaces gas from Noroeste to Centro when another shipper displaces gas in the other direc-
tion).


http://www.omie.es/
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e The two market areas, Spain and Portugal, are interconnected by two cross-
border pipelines, Badajoz (between Portugal and Centro) and Tuy (between Por-
tugal and Noroeste).

e The geographic position of the Iberian Peninsula makes it a crossing point from
the significant Algerian gas fields to Central European consumers. For this rea-
son, Southern Spain is connected to the Algerian fields through two cross-border
pipelines, one arriving to Tarifa in Centro, and another to Almeria in Levante. At
the North, two cross-border pipelines, Larrau and Irun, are connecting Spain to

France, both of them departing from Ebro.

The main objective of the case study is to examine the behavior of the shippers in a per-
fectly competitive context; i.e., how shippers would operate and contract for capacity
when they minimize operation and contracting costs (or equivalently, maximize the net
social welfare). Nevertheless, sensitivity analyses are carried out during the case study
to evaluate situations that take place in imperfect markets, like real downstream gas
markets.

Next subsection provides a full description of the physical system, including some essen-
tial numbers to track the case study. Afterward, the market structure is explained, in par-
ticular, focusing on demand characteristics (segmentation, number of shippers, market
shares) and simplifications of supply activity, which is actually addressed in Chapter 3. At
last, the main differences between the adopted regulatory framework and current (Span-
ish and Portuguese) regulatory frameworks are briefly exposed.

2.8.1. Technical details of the physical system

Both Spain and Portugal exhibit low gas penetration rates (below 30%) in comparison to
the total number of electricity customers. A reason to traditional low gas utilization can be
found in the quick depletion of the meager local gas fields. However, public authorities of
both countries have been favoring investments in different facilities to encourage the
development of a gas market. Gas facilities are described below, starting with gas assets
that connect to gas producers, that is, LNG terminals and cross-border pipelines, contin-
uing with underground storages, and finishing with balancing zones.

2.8.1.1. LNG regasification terminals
Certainly, one of the strongest points of MIBGAS is the numerous LNG terminals that

allowed both Spain and Portugal to achieve a LNG import share in 2012 that was well
above and about 50% (Spain 70% and Portugal 46%). Moreover, Spain, with six regasi-
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fication terminals, enjoys a diversified portfolio of suppliers, in which the major supplier
provides about 35% of imports and seven suppliers exceed 5% import share.

The main characteristics that define the dimension of LNG terminals appear in Table 2-1.
The berth capacity establishes the LNG carrier size that can moor at the dock of the ter-
minal. Carriers are categorized according to the current world fleet®*, the historical arri-
vals and the regulatory framework definition, in four categories: small (220 GWh), medi-
um (485 GWh), large (900 GWh), and extra large (1500 GWh); therefore, every category
cannot arrive to every terminal.

LNG Berth Regasification LNG working
regasification capacity capacity storage capacity

terminal (up to GWh) (GWh/day) (GWh)
Cartagena 2 220; 1,500 377 3,659
Sagunto 1 900 279 3,939
Barcelona 2 220; 1,500 544 5,236
Bilbao 1 1,500 223 1,870
Mugardos 1 900 115 1,932
Huelva 1 900 377 3,862
Sines 1 1,500 213 2,672

Table 2-1 — LNG regasification terminals characteristics®

Initial and final inventories (Table 2-2) as they occurred in 2012 are provided to the mod-
el in order to simulate the system as close to reality as possible. Due to the lack of public
data, inventories are distributed among shippers by the model.

Regasification Initial inventory  Final inventory

terminal (GWh) (GWh)
Cartagena 1,657 847
Sagunto 2,070 1,068
Barcelona 1,446 2,468
Bilbao 480 1,171
Mugardos 1,557 652
Huelva 2,301 1,266
Sines 1,448 1,324

Table 2-2 — Initial and final inventories in LNG regasification terminals

2 The fleet of LNG carriers can be consulted, for instance, on the web page www.shipbuildinghistory.com.

% For the sake of clarity, LNG road tankers loading capacity has been omitted as long as this type of de-
mand is excluded from the case study (section 2.8.2).
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2.8.1.2. Cross-border pipelines

Import capacity of the Iberian Peninsula is large (up to 726 GWh/day), in particular, when
it is compared to its export capacity (up to 59 GWh/day). This is a consequence of two
combined effects. First of all, the huge investments in connections to the Algerian fields,
with the objective of supplying Central European consumers and reducing their depend-
ence on the Russian gas. Second, however, the connection reinforcement to France has
been delayed. As a matter of fact, both the projected reinforcement and new connections
would multiply the capacity at least by four times by 2020. And not only is the connection
capacity between the Iberian Peninsula and Europe far from the desired level to encour-
age market integration, but connections between Spain and Portugal are also insuffi-
cient. There are indeed neighboring balancing zones in Spain that exceed the connec-
tion capacity between Spain and Portugal (section 2.8.1.4).

Monthly import and export capacities of cross-border pipelines are shown in Table 2-3.
Monthly variations respond to security margins and different technical operation proce-
dures in cold and warm months?. Backhaul capacity is available when a cross-border
pipeline does not connect to a production field.

Cross-border Flow Jan-Apr Nov-Dec May-Oct R GET]
pipeline Direction®’ (GWh/day) (GWh/day) capacity
Tarifa DZ > ES 355 - No
Almeria DZ > ES 266 - No
. ES > PT 134 134
Badajoz PT > ES 35 70 ves
Ty ES > PT 25 25 Yes
PT > ES 30 40
Larrau ES > FR 30 50 Yes
FR > ES 105 90
i ES > FR 5 9 Yes
FR > ES 0 10

Table 2-3 — Cross-border pipelines characteristics

2.8.1.3. Underground storages

Each country operates its underground storages in a different fashion due to the geologic
origin of the storages. On the Spanish side, Gaviota and Serrablo are depleted gas fields
whose equipment lacks flexibility. Consequently, both storages are operated according

% Gas systems are more demanded during cold than during warm months. As a result, compressor stations
operate at higher pressures affecting the available pipeline capacity.

" Each country is represented by its ISO code: ES — Spain, PT — Portugal, FR — France, DZ — Algeria.
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to annual injection-withdrawal cycles. The injection-withdrawal periods within the cycle
may vary in a couple of months depending on the climatology. In any case, injection pe-
riods always coincide with warm months, while withdrawal periods coincide with cold
months?. In contrast, Carrigo, on the Portuguese side, is a salt cavern that allows multi-
ple injection-withdrawal cycles and, hence, its operation is not seasonally constrained.

Current underground storages characteristics are shown in Table 2-4. Probably, the lack
of storage capacity is one of the main flaws of MIBGAS (less than 8% of a low demand
year like 2012)?°. As mentioned in section 2.4.3, the injection rate normally depends on
the equipment as injection requires external mechanical work. However, the withdrawal
rate may be affected, depending on the equipment, by the storage pressure, i.e., by the
inventory level. Carrigo and Gaviota are paradigmatic examples of underground storages

whose equipment allows them to maintain an almost constant withdrawal rate.

Und d Working gas Injection IanCtion Withdrawal Withldrawal
nsfor?;g:n capacity rate (Givﬁze / rate (Givslze /
ay ay
(&) (eihiveEr) inventory in %) (EHineEry) inventory in %)
Gaviota 18,340 53 - 68 2
Serrablo 9,730 52 - 79 62
Carrico 1,659 238 - 86 -

Table 2-4 — Underground storages characteristics

Initial and final inventories of underground storages in 2012 are also given to the model
(Table 2-5). Again, due to the lack of public data, both inventories, disregarding cushion
gas, are distributed among the shippers by the model.

Underground Initial inventory  Final inventory

storage (GWh) (GWh)
Gaviota 15,908 14,828
Serrablo 7,992 8,618
Carrigo 820 874

Table 2-5 — Initial and final inventories in underground storages

2.8.14. Balancing zones

Balancing zones are as a matter of fact a gas network equivalent. Therefore, their main
parameters coincide with those of pipelines: transportation and line-pack capacities.

% n 2012, the withdrawal period included January, February, March, October, November and December;
while the injection period included April, May, June, July, August and September.

% The projected put into operation of three new underground storages (in Spain) in the upcoming years will
improve the situation.
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Within the European framework, they have been established to favor the creation of a
single gas market. Although, a balancing zone should correspond with a market area,
when transportation constraints appear, 1ISOs usually fragment the market area in differ-
ent balancing zones (as in the case of Spain). Table 2-6 shows the connection capacities
between those balancing zones in Spain that are indeed connected. Notice that the con-
nection capacity is bidirectional, i.e., each connection distinguishes between inflow and
outflow capacities. For instance, the outflow connection capacity of Noroeste is zero, but

Noroeste may receive inflows from Centro.

Ebro Centro

Levante Catalunya Noroeste

a b
SEVante 260° 2560 230° 380
o | 2807, 305, 280, 305
£ 300°, 285 300°, 285°
Ebro 1107, 120°, 255°
20°’d, 508 235b,c,d,e
abcde 1122 125°, 742 31°°
Centro 285 7764 83 20b 24°

& January, February, November, December
® March, April, October

° May, September

¢ June, July

° August

Table 2-6 — Connection capacity between balancing zones

Line-pack capacities of each balancing zone have been estimated, as these data are not
explicitly available. Available public data are line-pack capacities of each market area, so
line-pack capacities have been distributed among balancing zones according to their
demand®. In addition, initial and final inventories, which are again distributed among the
shippers by the model, are given to the model as they occurred during 2012 (Table 2-7)
in order to simulate the system as close to reality as possible.

Balancing Line-pack capacity Initial inventory Final inventory
zone (GWh) (GWh) (GWh)
Levante 61 6 59
Catalunya 76 7 73
Ebro 65 6 62
Noroeste 29 3 28
Centro 130 12 124
Portugal 100 29 44

Table 2-7 — Line-pack capacity, and initial and final inventories in balancing zones

* The approximation is based on the fact that demand is usually correlated to the number of pipelines.
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2.8.2. Market structure

Both Spain and Portugal are (relatively) immature gas markets, which not so many years
ago were constituted as public vertically integrated monopolies and nowadays are at the
edge of finishing the liberalization process. Despite of the fact that the process is still in
progress, changes are noteworthy. Nevertheless, an incumbent company in each market
still enjoys a dominant position (over 50% market share). Another important transfor-
mation that has had influence on the development of gas markets has been the gas utili-
zation for electricity generation. Consequently, the main electricity utility in each market
is also an important gas consumer (around 15%). For both reasons, five companies have
been defined in the case study:

e ESP1 and POR1 correspond to the former incumbent gas companies in each
market. These companies not only cover part of the conventional demand, but
they also have GFPPs and may consume gas for electricity generation.

e ESP2 and POR2 represent the main electricity utilities in each market. The liber-
alization process has allowed both companies to participate in gas markets and
compete against former incumbent companies to cover part of the conventional
demand.

o OT aggregates other market participants. It consumes gas for electricity genera-
tion and covers partially the conventional demand.

The conventional demand (including the demand of LNG road tankers) is more predicta-
ble and about four times greater than demand for electricity generation (Figure 2-11).
GFPP demand intermittency is indeed caused by renewable energy sources intermitten-
cy (section 5.2, pp. 125-128).
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Figure 2-11 — MIBGAS daily conventional and GFPP demands in GWh

Quite the opposite, the conventional demand pattern responds usually to weather condi-
tions and labor activity. Moreover, Spanish gas demand is about seven times greater
than Portuguese gas demand (Figure 2-12). Just the Spanish GFPPs demand is habitu-
ally larger than total Portuguese gas demand. Indeed, Spanish consumers determine
most of MIBGAS profile demand.
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Figure 2-12 — Spanish and Portuguese daily conventional and GFPP demands in GWh

Within Spain, conventional demand shares in each balancing zone distribute in the fol-
lowing manner: Centro 36%; Catalunya 21%; Ebro 18%; Levante 17%; and Noroeste
8%. Conventional gas demand shares of each company in each balancing zone are
shown in Figure 2-13.
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Levante Catalunya Ebro Noroeste  Centro Portugal MIBGAS

Figure 2-13 — Companies conventional demand shares
Regarding gas demand for electricity generation, each company owns some GFPPs,
which are located in different balancing zones and operated according to the electricity

market-clearing process. For instance, Figure 2-14 illustrates the intermittency of GFPP
gas demand of ESP2 in Levante, Centro, Noroeste and Portugal.
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Figure 2-14 — GFPP demand of company ESP2 in GWh

Since local gas production is negligible, companies must import their gas necessities.
There are two ways of importing gas: by LNG carrier or through a cross-border pipeline.
As supply activity is addressed in detail in Chapter 3, in this case study imports are pre-
determined. On the one hand, actual daily arrivals of LNG carriers, classified by catego-
ry, to regasification terminals are specific to the model that distributes them among the



60 GASCOOP, a Model for Contracting and Operating in Entry-Exit Gas Systems

companies. As shown in Figure 2-15, in which daily arrivals have been aggregated into
months, monthly arrivals vary between 19 in June and 30 in February, being 25 the
number of average monthly arrivals. This is an indicative of the presence of take-or-pay
clauses. Moreover, large LNG carriers predominate over any other category of LNG car-

rier.
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Figure 2-15 — Monthly carrier arrivals to LNG regasification terminals

On the other hand, Imports and exports through cross-border pipelines, except those
connecting Spain and Portugal (Badajoz and Tuy), are controlled by establishing mini-
mum and maximum limits. These limits are equivalent to (very simplified) supply con-
tracts with take-or-pay clauses (further details on supply contracts are given in section
3.2, pp. 78-82). These limits have been estimated in line with the cross-border pipelines
historical utilization during 2012, and then distributed among the companies according to
different sources of information like pieces of news or annual reports. These simplified
supply contracts can be observed in Table 2-8. An interesting observation is that net
exports from MIBGAS to Europe amounted to zero.

Cross-border

Soslic ESP1 ESP2 POR1 POR2
Tarifa 170-250°
D75 ES 85-150° 30-407"°
40-100°
Almeria 12-18° 85-130°
D75 ES 9-12° 70-90°
7-10° 55-80°
Larrau a,b,c a,b,c a,b,c
FR > ES 30-33 30-33 30-33
Irdin d
4-6
FR > ES

ZJanuary, February, March, May, June, October, November, December
April

© July, August, September

¢ April, May, June, July, August, September, October

Table 2-8 — Import and export limits on cross-border pipelines
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2.8.3. Regulatory framework

The adopted regulatory framework is in line with a broad interpretation of the EU direc-
tives. A variable tariff is applied to daily gas facility operation, while a fixed tariff is ap-
plied to infrastructure capacity contracting. In addition, fixed tariffs are modified depend-
ing on contract durations (long-, medium-, or short-term contracts). At last, penalties are
faced when a company operates over its contracted capacity.

The current Spanish regulatory framework is quite similar. A variable tariff is applied to
daily operations, except for storing in underground storages, and, although not
explicitly®', a fixed tariff is applied to contracts depending on its duration, except again
for underground storages. Penalties are also faced when a company operates over
105% of its contracted capacity. In contrast, the Portuguese regulatory framework is
quite different regarding fixed tariffs (variable tariffs are applied in the same manner). A
fixed tariff is monthly applied to the maximum daily utilization of a facility during the last
moving year. In addition, there are two tariffs: one for long-term operation, another for
short-term operation®?. Consequently, punctual utilizations are strongly penalized, but
this has little (if anything) to do with contracting. In the case study, the variable and fixed
tariffs of each system are those corresponding to the beginning of 2012. The fixed tariffs
are, in particular, equal to the costs of contracting long-term capacity.

Table 2-9 contains LNG terminal tariffs. Applied tariffs to road tankers are omitted as
their demand has been added to the conventional demand.

Regasification Regasification

LNG Slot Unloading service service LNG storage
regasification assignment service fixed tariff fiable tariff service
terminal  (€/LNGcarrier)  (g/owh) xedtarii- o -vanable tantt o qvnday))
(€/(GWh/day)) (E/GWh)
Cartagena
Sagunto 31,319 63 18,077 107 30
Huelva
Barcelona
Bilbao 15,659 32 18,077 107 30
Mugardos
Sines - 192 7,484 177 29

Table 2-9 — Established tariffs in LNG regasification terminals

%1 Tariffs depend on the comparison between the maximum daily utilization during a month of a facility and
the contracted capacity. When the ratio is below 85%, 85% of contracted capacity is charged. When it is
between 85% and 105% the maximum daily utilization is charged. Therefore, this is (more or less) equivalent
to apply a fixed tariff to the contracted capacity including a floor.

32 While this thesis was in the publishing process, a new Portuguese regulatory framework in line with the
EU directives and, hence, with the case study was being implemented.
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Table 2-10 presents cross-border pipeline tariffs. The pancaking effect, that is, the sum
of import-export tariffs when crossing different international borders from a gas field to a
consumer, is still notable despite the efforts to reduce it. Among other efforts, variable
tariffs have been eliminated in Spain. An illustrative example of the pancaking effect is
how gas, from Algeria with destination to a Portuguese consumer, experiences an in-
crease of its price due to export tariffs in Badajoz (on the Spanish side) and import tariffs
in Badajoz (on the Portuguese side). The pancaking effect is an evident indicator of the

still fragmented single European gas market.

Cross-border Flow Fixed tariff Variable tariff
pipeline direction (€/(GWh/day)) (€/GWh)
Tarifa, Almeria DZ - ES 9,999 -
ES > PT (ES) 18,491 -
; ES > PT (PT) 8,580 -
Badajoz, Tuy
PT 2> ES (PT) 10,556 250
PT > ES (ES) 9,999 -
ES > FR 18,491 -
Larrau, Irdn
FR > ES 9,999 -

Table 2-10 — Established tariffs in cross-border pipelines

Regarding underground storages, tariffs are shown in Table 2-11. Storage service tariff
is considered a fixed tariff since a company has contracted for gas storage capacity, in-
dependently of being used. Storage service variable tariff is therefore nil.

Underground _Storagt_a Injection  Withdrawal
storage -fixed tariff- service service
(€/(GWh/day)) (E/GWh) (E/GWh)
Gaviota 14 244 131
Serrablo 14 244 131
Carrico 27 206 206

Table 2-11 — Established tariffs in underground storages

At last, entry-exit tariffs>* can be observed in Table 2-12. Entry tariffs that are applied to
imports as well as exit tariffs to exports have been already exposed. In both systems, the
entry capacity tariff lacks of a variable term. Exit capacity tariffs for the two types of de-
mand have been taken out from the tariff brochure. A typical industrial consumer has
been selected to represent the equivalent payment of conventional demand. The tariffs
here specified are normally paid by GFPPs.

3 Inter-zonal flows among neighboring balancing zones are not subject to fixed or variable tariffs and,
hence, contracting inter-zonal capacity is not required.
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Entry capacity Exit capacity Exit capacity
. (regasification) (conv. demand) (GFPP demand)
Balancing . . .
zone  fiyed tariff-  VA1301€ | fived tarift-  VANADIE gied taritr.  VAriable
tariff- tariff- tariff-
(€/(GWh/day)) (EGWh) (€/(GWh/day)) (€/GWh) (€/(GWh/day)) (€/GWh)
Levante
Catalunya
Ebro 9,999 - 37,895 1,033 26,415 567
Noroeste
Centro
Portugal 8,580 - 20,398 989 20,398 250

Table 2-12 — Established entry-exit tariffs in balancing zones

Those companies who sign long-term capacity contracts pay above fixed tariffs monthly,
in accordance with the Spanish regulatory framework. However, long-term contracts are
usually cheaper than medium- and short-term contracts. Being Spain the largest system
in terms of demand and infrastructure development, prices of medium- and short-term
capacity contracts are increased as it is done in the Spanish regulatory framework. In
detail, different factors multiply the fixed tariff depending on the month, increasing prices
of medium- (monthly) and short-term (daily) contracts more in cold, October to March,
than in warm, April to September, months. This way, the Spanish regulatory framework
favors those companies that properly foresee their capacity necessities and perform
smooth infrastructure utilization. Table 2-13 contains these factors. Regarding medium-
term contract factors, in warm months is irrelevant whether contracting in the long or the
medium term. This is not so in cold months, in which medium-term contracting is twice
penalized with respect to long-term contracting. On the other hand, short-term contracts
are always penalized. For instance, if a company decides to contract a whole month
through short-term contracts, it would pay 3 (in winter) or 1.8 (in summer) times more
than with a long-term contract. Overrunning the contracted capacity is penalized daily

twice as much as short-term contracts.

Medium-term Short-term

Month .
(Monthly) (Daily)
Jan-Mair,
Oct-Dec 2 0.10
Apr-Sep 1 0.06

Table 2-13 — Medium- and short-term contract extra-costs

Finally, a key parameter is the obligation that is imposed on facility owners to offer ca-
pacity as medium- and short-term contracts. The Spanish regulatory framework estab-
lishes this threshold in 25%, i.e., as much as 75% can be offered as long-term contracts.
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2.9. Shippers’ behavior in the Iberian natural gas market

The model has been formulated in GAMS and solved by using CPLEX 12 on an Intel®
Core™ 7 64-bit at 3.40GHz with 16GB RAM. The computational time to solve the case
study (474,329 variables, of which 1,237 integer variables, and 253,041 equations) was
eleven hours and a half, using 6 threads and barrier algorithm®*. From all the information
provided by the model, we present the most interesting results. The first group of results
is useful for validating the model, while the second group that includes different sensitivi-
ty analyses is useful for inferring some conclusions about market efficiency.

The model distributes LNG carrier arrivals among companies and determines imports
that are subject to maximum and minimum limits. These entries to MIBGAS, LNG carrier
arrivals and imports, together with inventory variations (LNG in tanks, gas in storage fa-
cilities and line-pack capacity), are used for covering shippers’ demand and exports™®.
The balance in 2012 is shown in Figure 2-16. It also provides a good picture of the sys-
tem. MIBGAS is practically dominated by one company (the former Spanish incumbent
company) and imports all gas consumption because there is no local production. Moreo-
ver, imports are mainly done by LNG carriers.
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Figure 2-16 — Balance between entries to and exits from MIBGAS

Both gas supply rigidity, which we have been tried to reproduce in the case study (but it
is explicitly discussed in Chapter 3), and demand seasonality establish an employment
pattern of LNG terminals, underground storages and cross-border pipelines. The utiliza-
tion pattern of the LNG terminal at Bilbao is shown in Figure 2-17. The plateaus are
closely related to the optimal way of simultaneously operating and contracting for capaci-

% Different tactics have been employed (e.g. emphasizing feasibility over optimality or controlling the heuris-
tics invocation) in order to reduce the computational time. Option epgap has been set to 5%.

% I this case study, and as a result of what occurred during 2012, there are no exports to Europe.
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ty that flatten the regasification curve. Nevertheless, when more gas is required to fulfill
the demand, regasification spikes can occur. With regard to the LNG inventory, it in-
creases when a carrier arrives and decreases according to the regasification rate.
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Figure 2-17 — LNG regasification terminals utilization pattern

The operation of an underground storage, such as Gaviota (Figure 2-18), is determined
by the injection and withdrawal periods. Besides, shippers are usually comfortable with
this way of proceeding because they can comply with their supply contract take-or-pay
clauses (Chapter 3), which produce constant gas entries to MIBGAS, and satisfy, at the
same time, the seasonal demand pattern (Figure 2-11). Observe that the storage filled
up well before the end of the injection period, reproducing exactly 2012. A cause could
be found in the consumption decrease due to the economic crisis and the impossibility of

renegotiating take-or-pay clauses in the short term.
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Figure 2-18 — Underground storages utilization pattern

On the other hand, cross-border pipeline operation is (so far) the model weakest point.
Actually, imports and exports depend on prices at both sides of a cross-border pipeline,
but prices are incorporated with the supply activity in Chapter 3. Despite the lack of sup-
ply prices, we illustrate the utilization of Badajoz in Figure 2-19. Badajoz, as well as Tuy,
does not depend just on prices since its operation is related to shippers’ decisions re-

garding carrier arrivals. Note the lack of imports from Spain via Portugal.
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Figure 2-19 — Cross-border pipelines utilization pattern

These results prove the model accuracy when they are compared to reality and, in par-
ticular, to the utilization patterns. In any case, our intention was not to obtain precise
numbers, but proper physical gas flows. Once the model has been verified, we can ana-
lyze different market aspects.

Balancing zones constitution within a market area, due to (supposedly) capacity con-
straints, may fragment the market, against market efficiency. For this reason, it is rele-
vant to observe whether balancing zones respond to real capacity constraints. According
to the obtained results, except the balancing zone Noroeste (63.9% average occupancy)
and maybe Ebro (28.2%), the rest could be merged into one balancing zone. Ebro does
present relatively high exit capacity utilization rates since two connections to France and
two underground storages, besides one regasification terminal, are located in the balanc-
ing zone. Nevertheless, inter-zonal connections are in general far from being congested
(Table 2-14), except Ebro-Catalunya and Centro-Noroeste, which are congested during
86 days and 137 days, respectively.

Levante Catalunya Ebro Noroeste Centro
Levante 10.15% - 23.90%
Catalunya 11.15% -

Ebro 24.56%

Noroeste -
Centro 12.20% 63.88%

Table 2-14 — Percentage utilization of inter-zonal connections

Another market flaw that has been already mentioned is the pancaking effect. This effect
increases gas prices when gas flows through cross-border pipelines. In addition, it may
result in a permanent market fragmentation due to a cross-border pipeline underutiliza-
tion. The effect is observable in MIBGAS and its two market areas: Spain and Portugal.
In the base case, gas flows from Spain to Portugal amounted to 26.7 TWh (46.0% utiliza-
tion) and from Portugal to Spain were nil. If import-export tariffs in Badajoz and Tuy at
both sides are eliminated, these gas flows significantly grow up to 51.6 TWh (88.8% utili-
zation) and to 32.1 TWh (77.6% utilization), respectively. Even though shippers’ entries
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to and exits from MIBGAS have been fixed in this sensitivity analysis and they have less
flexibility to modify their decisions, the pancaking effect is still appreciable.

Shippers collaborate among themselves to achieve a daily balance in gas facilities and
balancing zones. The way to collaborate is through physical swaps, that is, transfers and
returns of gas. Market liquidity can be measured with the churn rate. In our case, the
churn rate compares the traded gas quantity with the facility capacity where exchanges
take place: LNG working gas capacity in regasification terminals, working gas capacity in
underground storages, and line-pack capacity in balancing zones. Hence, the churn rate
measures the number of times the numerator is included in the denominator. In the base
case, the churn rate in Spain® amounted to 4.43 (90.1 TWh), 0.002 (0.07 TWh) and 6.9
(2.5 TWh), respectively (absolute terms in parentheses). This result confirms that line-
pack capacity of pipelines, which are (geographically speaking) close to consumers, are
especially used for achieving daily balances. Therefore, more transactions take place in
comparison to its small volume. The case considers minor transaction costs, 0.0001
€/MWh. One of the main advantages of organized markets is their negligible transaction
costs when compared to OTC markets. In Chapter 4, different types of organized mar-
kets, without transaction costs, are discussed and included into the downstream gas

market.

Last, but not least, let us observe how shippers optimize their capacity contract portfoli-
os. Some illustrative examples of a LNG terminal, an underground storage, an entry to a
balancing zone (imports) and two exits from a balancing zone (conventional and GFPP
demand) can be observed in Figure 2-20, Figure 2-21, Figure 2-22, Figure 2-23 and
Figure 2-24, respectively. Each reveals a different contracting pattern that is, as already
indicated, related to the distinctive operation in facilities and balancing zones.
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Figure 2-20 — Capacity contract portfolio of ESP1 in LNG regasification terminal at Barcelona

LNG terminal operation is sometimes volatile, and subject to daily sharp changes due to
demand spikes. However, an almost constant utilization base simultaneously extends

% In Portugal, no gas exchanges took place. This could be a consequence of both the market size and the
relative large market share of the former incumbent company.
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during the time horizon, which coincides with the long-term contracting (Figure 2-20).
Some months, the shippers contract for medium-term capacity. Moreover, shippers pre-
fer secondary markets with respect to contract for capacity in the short term, except
when every shipper needs capacity and released capacity is not available. The second-
ary capacity market totalizes 14.6 TWh of traded capacity, while the total short-term con-
tracted capacity is 4.2 TWh, about 3.5 times lower.

Underground storages present predictable profiles due to their injection and withdrawal
cycles. This operation pattern allows companies to hold a combination of long-, medium-,
and short-term capacity contracts that approximately follow the curve (upper part of
Figure 2-21). In contrast, trades in secondary capacity markets are nil because every
shipper is willing to acquire and release capacity during the same period, that is, during
the injection and withdrawal cycles, respectively.

In contrast, since Carrico is not subject to injection and withdrawal cycles, it is operated
halfway from a regasification terminal to an underground storage (lower part of Figure
2-21). In detail, shippers hold a diversified portfolio of different time scope contracts, but
secondary capacity markets are really active as well. Resulting short-term capacity con-
tracts amount 7.9 TWh; while 54.1 TWh are traded in secondary capacity markets.
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Figure 2-21 — Capacity contract portfolios of OT in underground storages Serrablo and Carrico

Similar to LNG terminals, cross-border pipeline utilization varies considerably in the short
term. Consequently, shippers mainly hold long-term capacity contracts and then resort to
trading in secondary capacity markets to fit their contract portfolio to the operation. For
instance, if we observe Figure 2-22, the long-term capacity contract amounts to 5.81
GWh/day, while mean daily acquisitions and releases add up 5.55 GWh/day. Some utili-
zation spikes are also covered through short-term capacity contracts.
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Figure 2-22 — Capacity contract portfolio of POR2 in Badajoz on the Portuguese side

Regarding the demand, each type of demand resembles to one of the above operation
ways. On the one hand, shippers rely on a portfolio of long-, medium-, and short-term
contracts to satisfy their foreseeable conventional demand (Figure 2-23), such as in un-

derground storages subject to injection and withdrawal cycles.
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Figure 2-23 — Conventional demand capacity contract portfolio of POR1 in Portugal

On the other hand, shippers prefer secondary capacity markets, such as in LNG termi-
nals, when covering the volatile GFPPs demand (Figure 2-24). Whereas total traded
conventional demand capacity hardly reaches 14 GWh, up to 7.1 TWh of GFPP demand

capacity contracts are negotiated in secondary markets.
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Figure 2-24 — GFPP demand capacity contract portfolio of ESP1 in Centro

So far, we have shown that shippers make use of secondary markets to fulfill their ca-
pacity contracting requirements. At this point, we can examine how would affect to the
market’'s performance a closure of secondary capacity markets because electronic plat-
forms have not been established yet and/or transaction costs are relevant. In this last
sensibility analysis, we fix again LNG carrier arrivals and imports, and close secondary
capacity markets. We reproduce capacity contracting costs in Table 2-15. We can ob-
serve that the former incumbent company in Spain, and dominant shipper with 44% mar-
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ket share, benefits from the market closure. An additional effect is the increase of con-
tracting costs in MIBGAS.

ESP2 POR1 MIBGAS

w/ secondary
markets

w/o secondary 412.97 123.79 67.12 88.48 211.44 903.80
markets 1 0.95% 11.26% 1 3.88% 1 3.34% 1 3.66% 11.17%

w/o ESP1 409.83 126.45 62.08 89.74 209.90 897.99
willingness 1 1.70% 1 3.44% 1 3.92% 1 4.80% 12.91% 1 0.52%

w/o ESP1, POR1 409.28 123.50 64.46 87.64 214.34 899.22
willingness 1 1.84% 1 1.03% 10.25% 1 2.35% 1 5.09% 1 0.65%

416.93 122.24 64.62 85.63 203.97 893.39

Table 2-15 — Expenditures in capacity contracting in million Euros

Consequently, it seems reasonable to think that the former incumbent company may not
be willing to participate in secondary capacity markets to take advantage of its dominant
position. This anticompetitive behavior would not only be favorable to the interest of
ESP1, but also to the interest of POR1, former incumbent company in the other market
area (Table 2-15). Supposedly, both companies may share a common objective of main-
taining their dominant position in their respective market areas. In case of tacit collusion,
that is, if none of the former incumbent companies participate in secondary capacity
markets, we observe that both companies are again better off (Table 2-15). Regarding
total contracting costs in MIBGAS, notice that the least costs are faced with open sec-
ondary markets, while closing markets is the most expensive solution. Former incumbent
companies’ willingness origins intermediate solutions, being more costly for the system
when both companies tacitly collude than when one company takes the initiative.

Another relevant result has to do with demanded gas facilities. For instance, the under-
ground storage in Portugal, Carrico, presents an average inventory level during the year
equal to 84.8%. Despite the aggregated high utilization level, each shipper individually
injects and withdraws considerable gas volumes. Actually, shippers inject 4.5 TWh and
withdraw 4.4 TWh and, therefore, they need to fit their contract portfolio to their individual
inventory level, which is almost daily modified by injections and withdrawals, by making
use, in first place, of releases and acquisition and, secondly, of short-term capacity con-
tracts. Nevertheless, if secondary capacity markets are closed, shippers cannot attain
enough free short-term capacity®’. The main consequence is that shippers overrun their
contracted capacity up to 1.3 TWh with subsequent penalties that amount to 0.26 million
Euros.

3" Remind that we have established that at least 25% of total capacity must be offered as short-term capacity
contracts, which as well means that not necessarily more than 25% is offered.
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2.10. Brief summary of contributions

This chapter has introduced the core of the model that will be used along the thesis. We

have formulated a broad entry-exit model that can be applied to any gas market based

on this type of third party access system. The model is formulated as a MIP problem that

assures a global and unique solution, with a relatively low computational effort compared

to the level of detail and quantity of results that can be obtained. The model can be em-

ployed by three main stakeholders of downstream gas markets:

Shippers can optimize their capacity contract portfolio, operate efficiently in dif-
ferent facilities, supply at a minimum cost their conventional and GFPP demand,
or estimate the competitors’ behavior.

Independent system and facility operators can forecast the future use of gas facil-
ities and prevent emergency conditions or anticipate future capacity expansions,
or identify users’ necessities and offer new services.

Regulatory authorities can examine the market performance, and propose and
implement new regulatory measures to promote competition, to improve security
of supply, or to guarantee system sustainability.

Regarding entry-exit markets, we have analyzed their functioning and come to relevant

conclusions that may promote market integration and increment market efficiency:

Balancing zones must be examined and suppressed when they have not been
established as a consequence of transportation constraints. Nevertheless, in
case of transportation constraints, balancing zones should be maintained since
they can proportionate locational signals until bottlenecks are solved.

Additional tariffs must not be charged to gas transiting between market areas
and, particularly, between balancing zones, eliminating the so-called pancaking
effect. This effect that raises gas prices is not justified from the point of view of
liberalized gas markets and discourages market integration.

Balancing markets must be constituted because they allow shippers to balance
their gas inventories at negligible transaction costs. Moreover, these balancing
markets can provide transparency to and foster competition in the system.
Secondary capacity markets must also be constituted. Shippers’ collaboration in
gas facilities through (unused) capacity contract releases and acquisitions lead to
improvements on infrastructure utilization and a contracting costs decrease. Fur-
thermore, former incumbent companies may be tempted to abuse of their domi-
nant position by hoarding capacity since this anticompetitive behavior favors their
position. Consequently, regulatory mechanisms should be applied to persuade
dominant companies to participate in secondary capacity markets.
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Although we are concerned that other measures may be implemented, we have herein
proposed some measures, whose advantageous effects have been tested with a reliable
model. These measures are markedly relevant for the fulfilment of the three objectives
of the Single European Gas Market: sustainability, competition and security of supply.

2.11. Brief summary of future developments

In subsequent chapters, we introduce novelties such as the global market and a domes-
tic spot market, which are obvious model developments. However, regarding the specific
shippers’ operation in entry-exit markets, four additional developments can be consid-
ered in future research:

e Capacity contracts normally include not only firm capacity, but also interruptible
capacity. Shippers may be interested in contracting interruptible capacity since
this type of capacity is normally cheaper than firm capacity. Although its incorpo-
ration would require risk-averse agents, some allusions to interruptible capacity,
and its effects on operation decisions, are nonetheless mentioned in Chapter 5.

e Long-term capacity contracts are offered by facility owners to guarantee almost
constant incomes and elevated rates of infrastructure utilization. But long-term
capacity contracts can provide investment signals as well. In a few words, when a
facility is fully contracted in the long term, shippers are indicating that they are
willing to utilize additional capacity. Therefore, the relationship between long-term
capacity contracting and investment decisions could be examined.

e Capacity hoarding is a main concern in tight gas systems. This anticompetitive
behavior may hamper market operation and, above all, increase operation costs
and reduce consumer surplus. Furthermore, new entrants may be prevented, re-
sulting in even less competitive markets. Anticompetitive behavior should be ana-
lyzed with more detail.

e Demand has been represented in a rather simplified manner, i.e., constant, ine-
lastic and aggregated. Future developments may involve both price- and cross-
elasticity considerations, as well as a more detailed distinction among the con-
sumption points. Furthermore, gas markets are not as rigid as we have modeled
them. Both the consumers’ possibility (and /aziness) to switch between gas pro-
viders and new entrants should be included, therefore, modifying initial market
shares.

At last, demand uncertainty may affect capacity contracting. A stochastic model could be
useful for a better understanding of shippers’ contracting decisions. An illustrative exam-
ple of how uncertainty modifies contracting decisions is shown in Chapter 5.
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Chapter 3

Management of Traditional
Supply Contracts within a
Globalizing Gas Market

Since the beginning of the 1 9 century, oil and gas have been inseparable companions, probably because
they have lived under the same roof for ages. However, as companions, not brothers, they present obvious
physical differences, which characterize most of their respective industries. Dr. Fereidun Fesharaki provided
a clear definition to distinguish both industries: “Oil is like dating; gas is like marriage.” Qil is a viscous liquid
that is relatively easily transported. In contrast, gas is either transported by pipeline or liquefied, to augment
its energy density, so long-distance transportation is worth it. These operations require huge investments in
infrastructure with just one purpose: conveying gas. Accordingly, producers demand long-term commitments
of gas purchasers in order to recover their investments. Moreover, because oil and gas do share common
end uses, and not only common origins, gas producers have traditionally prevented purchasers from
switching to oil by linking gas and oil prices. Lately, however, gas prices have started to decouple from oil
prices as a consequence of gas extraction technology developments, constituting an incipient global gas
market. In this chapter, we explain how traditional oil-linked gas supply contracts affect shippers’ decisions in

entry-exit gas markets, as well as how shippers participate in a globalizing market.
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3.1. Anincipient global gas market

Natural gas can often be found in oil fields. In the early stages of the oil industry, natural
gas was released into the atmosphere or burnt off since gas was considered a worthless
by-product. However, gas was manufactured from coal distillation’ at the time; i.e., gas
was indeed a valuable product. Although at first sight contradictory, this behavior had its
economic fundamentals. Gas pipeline investments and transmission costs from well-
heads to consumers were huge in comparison to coal transportation from mines to gas
factories, which besides were usually located close to towns.

Whereas manufactured gas established the foundations to constitute local gas distribu-
tion companies, natural gas exploitation established the foundations of traditional supply
contracts. Both cases did respond to externalities. In the former case, economies of
scale lead to the establishment of a vertically integrated company, which was habitually
regulated or owned by public authorities, in charge of the whole gas chain. In the latter
case, long-term agreements were necessary for hedging significant investment risks of

producers, so they can guarantee constant incomes and a satisfactory rate of return.

During the 20™ century, long-term agreements prevailed over the gas industry. Long gas
pipelines were put into operation and an increasing number of natural gas fields were
developed. By the end of the 20™ century, natural gas acquired relevance as an energy
source, in particular, for electricity generation (section 5.1, pp. 123—125). A liberalization
process began in most countries and different gas markets appeared worldwide. Never-
theless, globalization which has also reached gas markets thanks to improvements on
LNG technology (in particular, due to cost reductions in liquefaction and carrier construc-
tion) has brought distant markets closer. Although current prices diverge, gas prices are
expected to converge in the near future.

At a global level, there are three relevant consumption geographic regions with their cor-
responding idiosyncrasies: North America, Japan and Europe. North America is living a
golden age of gas. Shale gas extraction cost reductions have allowed the U.S. to be-
come almost energy independent and Canada to consolidate its position as producing
country. Moreover, wellhead gas prices have dropped significantly due to the combina-
tion of a production excess and a lack of exporting facilities like liquefaction terminals?. In

' Manufactured gas is a mixture of carbon monoxide, hydrogen, methane (some) and other reduced gases,
quite different from natural gas (mostly methane).

2 Both the U.S. and Canada do not share common frontiers with current or emergent gas consumption coun-
tries, such as the EU, Japan, or China. Consequently, they must export overseas by LNG carrier.
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contrast, Japan has observed a dramatic increment of gas prices. After the Fukushima
incident, Japan decided to shut down its nuclear power plants temporarily and substitute
them with gas-fired power plants. Since Japan is an archipelago that is not connected to
the continent by gas pipelines and whose domestic gas production is negligible, Japa-
nese gas imports have relied on LNG carriers. North American and Japanese dissimilar
conditions have been reflected in gas prices. In 2012, Henry Hub® average gas price
was 2.8 $/MMBtu, while Japan LNG price amounted to 16.8 $/MMBtu (BP 2013). These
price differences that are larger than the transportation costs from the U.S. to Japan
(about 5 $/MMBtu) are an indicative of fragmented, not yet global, gas markets.

European gas prices are halfway between North American and Japanese prices, and not
because of its geographic position. National Balancing Point* average gas price in 2012
was 9.5 $/MMBtu (BP 2013), but transportation costs from the U.S. to Europe are close
to 2 $/MMBtu. In contrast, gas price differences between Europe and Japan better reflect
the transportation costs, near 4 $/MMBtu. From these numbers we can draw some
conclusions®: North American gas prices may be extremely low because supply exceeds
demand and export capacity is reduced; Japanese gas prices may be equal to European
gas prices plus transportation costs plus a (minor) premium due to low import capacity;
and European gas prices, which are not currently limited by import or export capacities,
may be, supposedly, determined by free market rules. However, European gas markets

are still overcoming their own market rigidities.

3.2. Therole of traditional supply contracts in Europe

The U.S. price is about 7 $/MMBtu lower than the European price. Although the U.S. lack
export capacity® may account for most of the price difference, European gas market pe-
culiarities may intensify the difference as well. We mentioned previously that long-term
agreements prevailed over gas industry during the 20™ century, but incipient gas spot

® The Henry Hub is a physical hub that interconnects nine interstate pipelines and is close to the producing
area of the Gulf of Mexico. Due to its importance, it is considered a reference pricing point in the U.S.

* The National Balancing Point (NBP) is a virtual hub in which companies purchase and sell gas in order to
achieve daily balances. It has acquired importance during last years and has become not only a reference
pricing point in UK, but also in Europe.

® Different studies have analyzed the integration between international gas prices: (Silverstovs et al. 2005),
(Brown, Yucel 2009) and (Neumann 2009). They conclude that gas markets were still segmented, but prices
were converging. However, new studies would be required because structural market changes (shale gas
revolution, Fukushima incident) have taken place lately.

® As gas production is larger than domestic consumption and gas storage is limited, gas prices are low. In
addition, a reduced export capacity stresses this effect that will mitigate during the next years. For instance,
the Department of Energy authorized a second facility to export LNG to countries that do not have a free-
trade agreement (all except 20). Press release of Department of Energy, “Energy Department Authorizes
Second Proposed Facility to Export Liquefied Natural Gas”, May 17, 2013.
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markets have not had time to prevail over long-term agreements, which are still active in
most European countries. Traditionally, gas supply contracts have satisfied equally the
objectives of producers and vertically integrated companies. Thanks to long-term con-
tracts, gas producers have guaranteed constant incomes to recover their huge invest-
ments and vertically integrated companies have assured certain prices to supply their
consumers in a regulated environment, in which supply costs were simply recognized.
To maintain the status quo and avoid unilateral contract rescissions, traditional supply

contracts normally have exhibited the following characteristics:

e An agreed annual delivery volume that may present some flexibility (e.g., —10%).

Since gas consumption has been typically season dependent’, monthly or daily,
in pipelines, deliveries could also vary (e.g., —20%) with respect to the monthly or
daily agreed quantity. In any case, we observe that delivery floors are relevant in
supply contracts. Known as take-or-pay (ToP) clauses, these floors strongly con-
dition the management of supply contracts. In fact, the consequences of not
complying with a ToP clause may go beyond “pay.” The disappointed producer
may not be happy with the unreliable shipper and take future reprisals such as
raising contract prices or rescinding the contract.
Nevertheless, contracts sometimes include flexibility clauses that alleviate the ful-
fillment of ToP clauses and maximum volumes. For example, if a ToP clause is
not observed during a specific month or year, the shipper can receive the unde-
livered gas (known as make-up gas) the following month or year. On the other
hand, if additional gas above the maximum volume is required during a specific
month or year, the shipper can obtain more gas (known as carry-forward gas) at
the expense of reducing future deliveries.

e A delivery price is also agreed on. Contract prices have been normally linked to
oil price indices (or any oil distillate), although other energy products can be in-
cluded as well. The economic fundamentals behind the indexation have been
preventing consumers’ switching to substitute products since oil and gas uses are
rather similar. This way, producers, as well as shippers, secure consumers.

o Producers used to impose destination clauses to neutralize shippers’ temptation,
or necessity when domestic demand declined, to divert gas to other markets and,
hence, to become their competitors. Nowadays, any sort of destination clause,
even profit-sharing clauses, has been prohibited in the EU. However, the Interna-

! Traditionally, gas has been used as a heating fuel and in the manufacture of fertilizers and other products.
Since industrial utilizations are almost constant during the year, gas consumption used to depend on tem-
peratures (lower in warm months, higher in cold months). However, cooling systems have also incremented
gas consumption lately during warm months since gas is increasingly used for electricity generation (Chapter
5).
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tional Commercial terms, published by the International Chamber of Commerce®
are utilized in overseas gas supply contracts. From all rules, free-on-board (FOB)
and delivered-at-place® (DAP) rules are the most utilized. The main difference
between both rules is the physical point in which the goods are passed from the
seller to the buyer. In FOB rules, the delivery occurs after the shipment. In DAP
rules, the delivery occurs at destination. Consequently, a negotiation between the
seller and the buyer must take place in DAP contracts to modify the destination

point. Both parts normally agree to share profits.
More details on gas supply contracts are provided in (Asche et al. 2002).

We, therefore, observe that traditional supply contracts introduce some market rigidities,
especially, regarding gas prices. Gas contracts either will expire during the next decade,
according to latest news', or are diminishing its duration (Neumann, von Hirschhausen
2008) providing opportunities to renegotiate prices. New supply contracts are indeed
being linked to gas price indices. In any case, the rigidity of traditional contracts will influ-
ence gas spot prices during the next years. For example, while a decoupling between oil
and gas prices in the U.S. may be already noticeable, European gas prices are still cor-
related to oil prices (Asche et al. 2013). However, European shippers can still take ad-

vantage of new business opportunities thanks to LNG carriers.

The main objective of this chapter is to analyze the shippers’ behavior when they partici-
pate not only in downstream markets, but also in a globalizing market. In Chapter 2, we
examined the shippers’ behavior when they contract for capacity and operate in gas fa-
cilities and balancing zones, but constrained to predetermined LNG carrier arrivals and
gas imports by pipeline. From now on, the shipper also manages its supply contracts and
can take part, to a certain extent, in international trades either by diverting a carrier to
another market, or by loading a carrier in a domestic LNG terminal and shipping it to an-
other market (Figure 3-1). In contrast, cross-border pipelines physically prevent shippers
from diverting gas because gas is delivered at a predetermined point of the network.
Therefore, we can state that supply contracts by cross-border pipelines always include
implicit destination clauses.

® The International Chamber of Commerce is an international organization whose main objective is strength-
ening commercial ties among nations. To this end, it has developed a large array of voluntary rules, guide-
lines, and codes, which facilitate cross-border transactions. An example is Incoterms rules, which are global-
ly accepted in contracts for the international sale of goods (www.iccwbo.org).

° DAP rule has substituted delivered-ex-ship (DES) rule, which was of common use in gas supply contracts.

'% For instance, “Most of Europe's gas supplies still linked to oil prices” in Reuters (February 22, 2013) or
“Expiring Gas Contracts Offer Europe Chance to Renegotiate Prices” in Wall Street Journal (April 3, 2013).
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Figure 3-1 — A shipper within the global gas market

Since the U.S. gas market deregulation, the influence of long-term supply contracts and,
particularly, ToP clauses formation on liberalized markets have been examined, such as
in (Masten, Crocker 1985) or in (Hubbard, Weiner 1986). In our case, contract character-
istics are provided in advance as we do not intend to study the economics of contract
constitution, but the management of supply contracts within a competitive environment.
Other authors have studied the integration of spot and contract gas prices in Europe,
such as (Panagiotidis, Rutledge 2007) or (Asche et al. 2013), with econometric methods.
Nonetheless, one of our major objectives is modeling spot markets (Chapter 4) and con-
tract management through a fundamental model, which is one of the contributions of this
thesis. From the point of view of fundamental models, different authors have optimized
gas production, e.g., (Mantini, Beyer 1979) or (Murray, Edgar 1979); or spot purchases,
e.g., (Boots et al. 2004) or (Gabriel et al. 2005), but a few have considered gas contracts
characteristics. (Avery et al. 1992) and (Guldmann, Wang 1999) optimize contract portfo-
lio supplies and spot purchases by pipeline by a local distribution company, but omit
LNG carriers. Furthermore, the management of gas supply contracts has been also ad-
dressed from the perspective of electric utilities in (Chen, Baldick 2007), (Street et al.
2008) and (Duenfas et al. 2012); however, they do not represent gas systems in detail.

To our knowledge, no fundamental model that combines a detailed representation of the
operation and contracting of gas facilities and the management of supply contracts has
been published. Moreover, one advantage of our model is the consideration of the global
business opportunities that arise from LNG transportation, which allows us to analyze the
shippers’ behavior within a global market. Therefore, we close a relevant gap (section
1.3, pp. 9-12), in this chapter, by contributing with a detailed model for examining the
influence in downstream gas markets of both the traditional supply contracts and the
global movement of LNG carriers. Next section 3.3 incorporates supply contracts into the
operation model that has been already described in Chapter 2 (pp. 26-50). Subsequent-
ly, section 3.4 improves the representation of LNG transportation and includes the possi-
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bility of making decisions concerning loading carriers in regasification terminals, which
allow shippers to profit from price opportunities beyond their domestic markets.

3.3. Management of gas supply contracts

Producers commonly tie their customers (in our case, shippers) through long-term supply
contracts. Shippers that wish to acquire gas have to come to an agreement with either a
state-owned company or a private company, which often have also signed an agreement
with the producing country authorities. Whatever the case may be, large quantities of
money have been or are invested in putting into operation the production facilities (in-
cluding transportation pipelines and/or liquefaction terminals). Consequently, long-term
supply contracts, f=1,2,...,F, are offered to shippers, e=1,2,...,E, by producers, which
assure the investment recovery. The contractual terms typically include:

Vi, [GWh] during year y.
Viw [GWh] during month m.
e A contract price C, [€/GWh] during month m. Prices are habitually updated when

e A minimum and maximum delivery volume V|

fey 1

e A minimum and maximum delivery volume V.,
gas is delivered according to a prearranged formula, which commonly includes
several-month, e.g., 3 months, moving averages (Asche et al. 2002) that smooth
contract prices. Consequently, we have approximated resulting contract prices to
an average monthly price that also incorporates freights and/or other fees.

Furthermore, there is an additional coefficient that stems from the producer’s threat'" to
a future raise of prices. When a LNG supply contract is based on FOB rules, a shipper
must not report its decisions, either if a carrier is unloaded in the domestic market or if it
is diverted to another market. In contrast, a shipper that is willing to divert gas of a supply
contract following DAP rules must agree upon a new destination with the producer,
which will be in charge of redirecting the carrier. A profit-sharing coefficient &, [%] will
result from the negotiation process.

Independent of contract rules, total incomes are determined by gas prices P.° [€/GWh]
of market /, to which gas is diverted, during month m. For the sake of simplicity, freights
and/or other fees are already discounted from market prices. Furthermore, because plac-
ing gas in other markets may not be an easy task if markets are not liquid enough, we
establish an upper bound on maximum monthly and annual diverted volumes V2 ,V.2"
[GWh].

" Although natural gas fields are not concentrated in a few countries such as oil fields, gas producers main-
tain a dominant position that may have influence over shippers’ decisions.
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Shippers have flexibility to decide when and how much gas is delivered, but constrained
by above contract terms and conditions. Shippers may take three different decisions de-
pending on the type of contract (LNG carrier or pipeline delivery):

e Receiving a carrier vj%; [GWh] in regasification terminal r, the day d. We have in-
cluded the market of origin i in order to track the carrier voyage.

e Receiving an import vy, [GWh] by cross-border pipeline x connecting to balanc-
ing zone z, the day d.

e Diverting gas v, [GWh] to other destination market i during the month m. To be
precise, we should consider each rerouted carrier individually; but, for the sake of
simplicity, we obtain the monthly aggregated volume.

Supply contracts are modeled in a rather similar way to (Duefas et al. 2012). First of all,
shippers minimize total costs when exercising their supply contracts:

H MET IMP BID DIV
Join, > G| D Vit + X Vi [ 2 an{ Cen—Fr® it (31
i'fg,dv’v%fg,d f.e,m i,r,dem x,z,dem if.e,m

ifem " fem

The first summation represents delivery costs of gas entering the market area, whereas
the second summation represents revenues and/or losses due to diverting gas. Diverted
gas naturally does not enter the market area.

Supply contracts exercise is subject to minimum and maximum monthly and annual vol-
ume constraints:

erdem ,,A;’EJ‘FZ)(szm )I(Az/;‘/:d"'z V?el,‘y/y >Vem VFf,e,m (32)
YV Y VM Y Vo <Vem  VF,e,m (3.3)
Doy Vited F Doy Vitoa ¥ Dy, Viem 2y VE,00Y (3.4)
Zi,r,deyV%EJJr x.z.dey Viistod +Z mey vl <V, Vf,ey (3.5)

As well as diverted volumes:

D Vam<Vew  vfem (3.6)
Dimy Viem SV ey (3.7)

Finally, gas deliveries must be linked to physical operation decisions. In detail, deliveries
by the LNG carrier are unloaded in regasification terminals:

> UL, =3 VYT vired (3.8)

irwed
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While deliveries through cross-border pipelines are equal to imports:

Qs = Vioa VX, Z,6,d (3.9)
The objective function (3.1) subject to constraints (3.2)—(3.9) constitutes a linear pro-
gramming (LP) problem that optimizes the shippers’ exercise of gas supply contracts.

3.3.1. Exceeding maximum gas deliveries

We have previously mentioned that gas supply contracts may incorporate flexible claus-
es, such as make-up and/or carry-forward gas clauses. Despite we have decided not to
model any flexible clause, a shipper has often the possibility of agreeing on a short-term
gas supply contract with a producer'®, probably paying a higher price P2 [€/GWh] in
comparison to a long-term contract. For the sake of clarity, freights and/or other fees are
already included in market prices”. Therefore, we define two new variables, short-term
purchases that can be either delivered by LNG carrier v,2" [GWh] or by pipeline vy
[GWh].

Shippers minimize total costs from short-term purchases:

vMETrSTT]in’]MPST Z'D"’gSK ( Z V%EITST + Z V)I(AZ”G‘F‘?T j (31 O)

ired Y xzed im i,r.dem X,z,dem

Constraints (3.8)—(3.9) are correspondingly adapted because gas can have either a long-
term or a short-term contract origin:

up _ MET |\ MET ;
quirwed —zf Vited tViea ~  VI,I,€,d (3.11)
Qv =D Voo TV’ VX, Z,6,d (3.12)

Nevertheless, LNG markets may not be liquid and short-term purchases may be limited.
In order to represent this market constraint, we have established a monthly maximum
volume Q,, [GWh]:

> ocmVitd <Qum Vi,m (3.13)

'2 As a matter of fact, most authors only consider this type of short-term purchases in their models.

3 Hence, the ask price is higher than the bid price for the same market. Supposedly, the gas price is unique,
but after adding to and discounting from the gas price the freights and/or other fees, both prices are naturally

different: PaSK =P2AS +F,, >Pe*S —F,,=P5"P , where F;, represents the freights and/or other fees.
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In general, a shipper will turn to short-term contracts when it finds itself on the verge of a
gas shortage, i.e., unable to satisfy its demand. If it has foreseen adequately its gas ne-
cessities, exercising long-term contracts will be typically more economical than purchas-
ing gas in a short-term basis.

3.4. LNG carriers connecting distant markets

Overcoming the technological barriers of overseas transportation thanks to the develop-
ment of LNG facilities has eased, if not caused, the gas market globalization. Besides, it
has provided access to relatively isolated, but currently large consumers, such as Japan
and Spain'*. Despite we explore downstream gas markets in this thesis, their functioning
cannot be fully understood without putting them into the global context, i.e., incorporating
LNG movements that may have influence on domestic prices.

The world fleet of LNG carriers is standardized and limited. Indeed, as indicated in
Chapter 2, there is an online database (free of charge) that provides relevant information
such as ship names, owners, and capacities. Another webpage' even shows the real
position of every ship. Although representing the LNG global market with such level of
detail is out of the scope of this thesis, we can take advantage of this knowledge and
MET

incorporate the global fleet in a simplified manner. First of all, we limit the arrivals u;,., of
a specific carrier category b during month m’®:

MET MET MET
zi,w,e,dem Ubirwed < Kb 'Zb’,i,w,e,dem Up'irwed vb,r,m (3 1 4)

The parameter Ky*" is the maximum percentage of a carrier category that arrives during
a month and is related to the fact that carriers of a certain capacity predominate over
others. For instance, about 80% of the fleet can transport about 900 GWh, while only 5%
of the fleet can ship 220 GWh. Accordingly, more arrivals of large than small carriers are
expected.

Secondly, we have already assigned in Chapter 2 a particular capacity Q" to each car-

rier category. Nevertheless, different gas volumes g:-2, are actually unloaded depending

' These countries are isolated because they are either islands or peninsulas poorly interconnected. In both
cases, LNG carriers are like pipelines that connect producing countries, where a liquefaction facility is in-
stalled, with consuming countries, where a regasification terminal is installed.

'S Both web pages are www.shipbuildinghistory.com and www.marinetraffic.com.

'8 Other reasonable periods could have been selected: fortnights, quarters, semesters, years, etc. However,
the selected period should be neither too short nor too long, but fit to a time scope that presents almost uni-
form arrivals when they are classified by type. We opt for the month to be in accordance with supply contract
constraints.
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on gas characteristics, such as calorific values; carriers themselves that may present
different levels of gas leakages; and distances to destination as gas is consumed during
the voyage. We have tried to represent these variations by including in equation (2.6) a

free variable GS-2. . [%] that may modify the daily unloaded cargo:

Gines =20, QT (Ubaos +0iung ) Viir,W,€,d (3.15)

The unloading tolerance is contained within a predetermined range —U, <ag® <U, in
order to avoid large alterations of the unloaded cargo. As a result, carrier capacities will
be hereafter defined by two parameters: Q" +U, [GWh +%)]. In addition, we need to as-
sure that tolerances and unloading decisions are tied; that is, a tolerance can be different
from zero only if a carrier is unloading its cargo:

—uYtb <Yl <yYl - vb,i,r,w,ed (3.16)

birwed

A final remark is that carriers tend to be small when they connect markets that are close
and large when markets are distant. Therefore, every carrier category does not usually
access every market. In fact, brand new large LNG carriers, Q-Flex and Q-Max, have
their base of operation (i.e., market of origin) in Qatar. As our model can track the route
of each carrier from a market of origin to a LNG terminal, we can take into account these
transportation details by means of an incidence matrix (b, i) that establishes which carrier
category has access to which market.

Constraints (3.14)—(3.16) plus the incidence matrix represent in a simplified manner, but
accurate enough for our objectives, the world fleet of LNG carriers and its characteristics.

3.4.1. Loading LNG carriers

LNG is the only possibility to arbitrage between distant markets that are not connected
by pipeline. Although LNG regasification terminals have been traditionally installed as
entry points to gas systems that lack domestic natural gas production, during the last few
years a gradually larger utilization as exit points have been observed. Regasification
terminals normally also allow loading LNG carriers, which can be shipped to markets that
exhibit higher prices in comparison to domestic prices. Since the Fukushima incident,
significant high prices have been observed in Asia, so shippers have started to load car-
riers in order to arbitrage between markets and profit from price differences.

We have already described and modeled LNG regasification terminal operations and, in
particular, the arrival and unloading of carriers (section 2.4.1, pp. 26—30). As expected,
the arrival and loading can be addressed in a similar way. LNG terminal owners may
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apply a tariff to each offered service: slot assignment'” C7 [€/carrier], and loading pro-
cedure CR? [€/GWh]. Shippers minimize costs associated with both services, but maxim-
ize incomes from selling gas in another market:

H AMET JMET RLD . yRLD BID . yRLD
.MEmIr,]?LD Z (Cf 'Zbubilwed +Cr 'qin/ved)_ Z Pim “Qiwed (317)

u .9 . ;
birwed *Qirwed irw.ed ir.w,edem

LNG carrier arrivals to a berth w of a LNG terminal are represented through binary varia-
bles aMEL, {0,1}, while continuous variables g2, [GWh] represent the daily loaded and
shipped cargo. The index i is used to define a market of destination. Equivalent to (2.3),
a carrier arrival for loading is prevented when the carrier capacity is larger than the berth

dimension Q,, :

MET >Qu = UMET =0 Vb,i,r,w,ed (3.18)

Furthermore, constraint (2.4) is extended because any other carrier arrival is henceforth
not permitted when a carrier is already moored at the terminal berth, either unloading or
loading its cargo:

d'=d

D oo (Ui + 0t ) <1 Vr,iw,d (3.19)

d'>d-TMET

Binary variables represent carrier arrivals; however, any carrier may be moored during a
few days T because the loading process takes that time. During such period of time,
a carrier loads a percentage of its cargo, represented by a continuous variable ug->
[0,1]:

d'=d L’;MET

UL, = Y. 2t vb,irw,ed (3.20)

birwed —
MET
d'>d-TMET Tb

Consequently, the cargo is loaded during the arrival day when TMf™ =1; the cargo is
loaded during the arrival day and the immediate next day when T*(” =2, and so on and
so forth. To this point, we have represented the mooring of a carrier during some days.
Evidently, the carrier is filled with gas during these same days:

Qpeoy <> QYT U, Virw,e,d (3.21)

Observe that a carrier may not be full at the end of the process as it actually occurs. Fi-
nally, as well as LNG short-term purchases may be limited, markets, where carriers ship

' We differentiate the tariff that is applied to a carrier with the intention of unloading its cargo from the tariff
that is applied to a carrier with the intention of loading. Habitually, the latter tariff is more expensive than the
former tariff because LNG terminals are designed and installed as entry points.
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gas to, may not be liquid enough to receive large gas volumes. Consequently, we must
restrain, e.g., monthly sales to other markets:

eredemq’!:’egd Sdm Vl,m (322)

The objective function (3.17) subject to constraints (3.18)—(3.22) constitutes a MIP prob-
lem that supports shippers’ decision making on loading LNG carriers and regarding their
participation in other markets beyond their domestic market frontiers.

3.5. Speeding up resolution time: Shape, sand and polish

The case study of Chapter 2 took about eleven hours and a half to be solved by using
CPLEX 12 on an Intel® Core™ 64-bit at 3.40GHz with 16GB RAM, although the options
of CPLEX were chosen in such a way that we minimize this computational time. In addi-
tion, in that case study we specified carrier arrivals in the model and the model distribut-
ed them among shippers. Thanks to this shortcut, because our main objective was to
examine shippers’ operation and contracting behavior in downstream markets, we re-
duce the number of integer variables, from about 55,000 to 1,237 variables, and obtain a
relatively tractable model in terms of resolution time. However, our current objective is to
analyze the shippers’ behavior within a global context; that is, each shipper can decide
the arrival date of a LNG carrier either to be unloaded or loaded. As a result, the number
of integer variables is considerably increased. In addition, the number of continuous var-
iables also grows with the incorporation of both long-term contracts and short-term pur-
chases. We, therefore, need to come up with an approach to reduce computational time
without losing accuracy. We propose an approach by exploiting both capacity and supply
contracting aspects of gas markets.

If we go back to results from section 2.9 (pp. 64—71), we can observe a distinctive opera-
tion pattern as long- and medium-term capacity contracts condition the operation of most
facilities (especially, LNG terminals and cross-border pipelines) which present an almost
constant monthly utilization pattern only altered by a few daily spikes, which are a con-
sequence of daily demand variations. Moreover, the exercise of supply contracts also
depends on the month because prices and volume constraints fluctuate on a monthly
basis. Consequently, the analyzed temporal horizon can naturally be partitioned into
months, thereby obtaining small sub-problems which are potentially easier to solve.
Nonetheless, the partition must take into account constraints and decisions which span
over several months, e.g., long-term capacity contracts, and must transfer the precise
set of data for a coherent execution from month to month, e.g., the final inventories.
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In consideration of both requirements, the proposed approach consists of the following
three stages (Figure 3-2):

o We first broaden the model time step from days to months. To do so, we aggre-
gate daily flow input parameters, such as regasification, injection-withdrawal and
import-export capacities and demands, into months. Furthermore, balancing and
secondary capacity markets are closed because these markets are based on dai-
ly transactions. From the monthly resolution, we save some key variables that are
used in the next stage: LNG, underground storage and line-pack inventories at
the end of each month; monthly arrivals by carrier category, distinguishing their
purpose: unloading or loading; long-term contracted capacities; and monthly ex-
ercise of supply contracts.

e Subsequently, we solve each month individually in a daily basis after fixing final
inventories, and indicating carrier arrivals (and their purpose), long-term capacity
contracts and exercise of supply contracts. Moreover, balancing and secondary
capacity markets are reopened. The only objective of these individual resolutions
is obtaining the exact date of LNG carrier arrivals.

e At last, we obtain a solution for the whole temporal horizon in a daily basis main-
taining daily carrier arrivals of the previous stage, but releasing other decisions
related to final inventories or contracts.

In order to corroborate its accurateness, we have compared the solutions with and with-
out applying the proposed approach. Whereas the resolution time reduces from eleven
hours and a half to 12 minutes, the objective function value only worsens 1.10%'®. Re-
mark that, despite other considerations, the objective of the model is providing those
decisions that maximize the social welfare; therefore, the importance of obtaining similar
objective functions.

Time step Month
Time horizon Whole

Monthly carrier arrivals Daily carrier arrivals
Final inventories

Long-term capacity contracts

Supply contracts exercise

Figure 3-2 — Proposed resolution approach

'® One percent might still represent a lot of money in reality. A possibility would consist in buffing the solution
by allowing the LNG carriers to change their arrival date by one or two days. As a matter of fact, when a
carrier informs of its arrival date to an operator, there is an implicit time frame around the expected date.
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3.6. Application to the Iberian natural gas market

In Chapter 2 (pp. 51-64), we have already described the physical system, market struc-
ture and tariff brochure of MIBGAS in detail. In this case study, we alter one major as-
pect: supplies by LNG carriers and cross-border pipelines are no longer fixed, but de-
pendent on the exercise of realistic gas supply contracts'®. We continue reproducing the
market conditions of 2012. In what follows, we describe global market parameters and
supply contract characteristics.

Europe North America Asia

Price Capacity | Price  Capacity | Price Capacity
January 22.37 - 7.65 1,000 44.21 3,000
February 27.41 - 6.36 1,000 41.45 3,000
March 2412 - 5.82 1,000 42.25 3,000
April 24.99 - 4.89 1,000 43.57 3,000
May 24.62 - 5.17 1,000 45.65 3,000
June 23.81 - 6.94 1,000 46.96 3,000
July 24.60 - 7.19 1,000 50.25 3,000
August 24.37 - 7.87 1,000 48.83 3,000
September | 25.82 - 7.17 1,000 44.53 3,000
October 26.85 - 7.95 1,000 40.17 3,000
November | 27.25 - 8.93 1,000 40.00 3,000
December | 27.36 - 8.73 1,000 40.15 3,000

Table 3-1 — Monthly prices20 in €/ MWh and capacities in GWh in spot markets

According to data provided by the Spanish and Portuguese regulatory authorities?’, im-
ports by either LNG carriers or cross-border pipeline, to MIBGAS during 2012, had its
market of origin mainly in Algeria (near 40% in each country), Nigeria (15% in Spain and
about 60% in Portugal), Middle East (12% in Spain), and Europe (close to 15% in Spain).
We have also included Asia, North America and South America to complete the global
market. Within these markets, we must distinguish between markets based on long-term
contracts and spot markets. Whereas deliveries from Algeria, Nigeria, Middle East and

"% Unlike physical operation, which is almost public, supply contracts are of strategic importance for shippers
and little information is public, in particular, regarding prices and volumes. Therefore, we would like to warn
that contract characteristics here reproduced are realistic, but not real.

%0 North American prices are very low, so we are here indicating the ask price, that is, the price at which gas
is purchased. In contrast, Asian prices are very high, so we are showing the bid price, that is, the price at
which gas is sold. We assume that ask and bid European gas prices are almost equal.

21 CNE is the Spanish regulatory authority (www.cne.es), and ERSE is the Portuguese regulatory authority
(www.erse.pt).
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South America habitually rely on long-term agreements; Europe?, North America and
Asia are commonly considered as spot markets in which short-term purchases, or sales,
take place. As previously mentioned, these spot markets present two main parameters:
price and capacity (Table 3-1). In detail, European gas prices have been extracted from
Powernext, which provides the reference French price; North American gas prices corre-
sponds to Henry Hub prices; and Asian gas prices are equivalent to the reference price
Japan LNG. Furthermore, we have established that the number of large LNG carriers
that can be either purchased or sold monthly in North America and Asia are about one

and three, respectively.

As previously mentioned, supply contract characteristics are of strategic importance for
shippers to compete in gas markets and, consequently, little information is publicly avail-
able. From all information that must be provided to the model, annual volumes and mar-
kets of origin can be roughly obtained from press notices and annual reports. With the
available public information, we have constructed the contract portfolios of Table 3-2.

By cross-border

Shipper By LNG carrier pipeline

ESP1 A'f\lﬂeiggie"‘l'z%es?a’ Algeria (Tarifa)
ESP2 Algeria Algeria (Almeria)
POR1 Nigeria Algeria (Tarifa)
POR2 Nigeria

oT Algeria, S. America  Algeria (Almeria)

Table 3-2 — Type and market of origin of contract portfolios

Annual volumes have been estimated in line with previous obtained results from Chapter
2. Imports from Algeria by cross-border pipelines amounted to around 48 TWh for ESP1,
4 TWh for ESP2, 11 TWh for POR1, and 28.5 TWh for OT. On the other hand, LNG de-
liveries were equal to about 115 TWh for ESP1, 35.5 TWh for ESP2, 22 TWh for POR1,
35.5 TWh for POR2, and 55 TWh for OT. LNG volumes have been increased by 10%
because in Chapter 2 neither diverting nor loading carriers were contemplated. Then, the
increase has been distributed among above supply contracts trying to maintain the real
weight of each market of origin. Take-or-pay clauses oblige to exercise at least 90% of
the total annual volume. Regarding monthly volumes, we have uniformly allocated annu-
al volumes to each month and then increased them again by 10% because the summa-
tion of monthly volumes is not necessarily equal to the annual volume. In addition, take-
or-pay clauses obligate to exercise at least 80% of monthly volumes (Table 3-3).

2 This is only valid from the perspective of MIBGAS. For instance, German shippers have signed long-term
contracts with Norway or Russia, that is, European producers also rely on long-term contracts.
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. Contract by Max. annual  Min. annual Max. monthly Min. monthly
Shipper ol
market of origin volume volume volume volume

Algeria 70.0 63.0 6.42 5.13
ESP1 Nigeria 10.0 9.0 0.92 0.73
Middle East 46.5 41.9 4.26 3.41
Algeria (Tarifa) 48.0 43.2 4.40 3.52
ESP2 Algena ’ 39.0 35.1 3.58 2.86
Algeria (Almeria) 4.0 3.6 0.37 0.29
POR1 N-|ger|a . 24.2 21.8 2.22 1.77
Algeria (Tarifa) 11.0 9.9 1.01 0.81
POR2 Nigeria 39.0 35.1 3.58 2.86
Algeria 255 23.0 2.34 1.87
oT South America 35.0 31.5 3.21 2.57
Algeria (Almeria) 28.5 25.7 2.61 2.09

Table 3-3 — Supply contract characteristics (volumes in TWh)

Cross-border

Month LNG carrier pipeline
January 26.38 27.68
February 25.35 28.11
March 26.60 27.81
April 25.55 27.89
May 26.77 28.51
June 26.58 28.86
July 28.17 29.11
August 25.97 29.88
September 27.06 29.62
October 26.27 29.44
November 23.11 28.62
December 26.12 28.29

Table 3-4 — Monthly supply prices according to customs declarations in €/ MWh

Contract prices are especially challenging to be estimated. Fortunately, the Spanish reg-
ulatory authority publishes average supply prices according to shippers’ customs decla-
rations, which provide an idea of contract prices when deliveries are made either by LNG
carrier or by cross-border pipeline (Table 3-4). As former incumbent companies may
present more bargaining power than late entrants due to their size and experience?®, we
suppose that the former incumbent companies, ESP1 and POR1, obtain a 5% discount,

B As long as we consider that every contract is still linked to oil indices as actual prices reveal, we can make
the subsequent assumption. However, a new entrant that has recently signed a supply contract will for sure
benefit from better prices because its new contracts will be linked to gas indices.
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while, regarding the late entrants, ESP2 achieves the same price, and POR2 and OT
observe a 5% and 10% increment, respectively. Furthermore, when a shipper has sev-
eral LNG contracts, delivery prices for every contract are equal.

If prices are commonly not transparent, information concerning commercial rules, that is,
FOB or DAP rules, or the possibility of diverting is absolutely unknown. Nevertheless, EU
regulations forbid destination clauses, so LNG carriers can be diverted to other markets.
We assume that almost 10% of total annual volume and 15% of total monthly volume
can be diverted. In addition, we have decided that those contracts that were (most likely)
signed before the EU banning are based on DAP rules, while recent contracts®* rely on
FOB rules (Table 3-5). In DAP contracts, shippers share 50% of total profits.

Shipper Contract b_y_ Max. diverted Max. diverted Commercial
market of origin  annual volume monthly volume rules
Algeria 7.0 0.96 DAP
ESP1 Nigeria 1.0 0.14 FOB
Middle East 4.7 0.64 FOB
ESP2 Algeria 3.9 0.54 DAP
POR1 Nigeria 2.4 0.33 DAP
POR2 Nigeria 3.9 0.54 FOB
oT Algeria 2.6 0.35 DAP
South America 3.5 0.48 FOB

Table 3-5 — Supply contract characteristics (diverted volumes in TWh)

220 GWh  485GWh 900 GWh 1500 GWh
Algeria
Nigeria
Middle East

South America

Europe

North America
Asia

Table 3-6 — Supply contract characteristics (diverted volumes)

We have redefined LNG carriers. In Chapter 2, we define four carrier categories accord-
ing to their size: small (220 GWh), medium (485 GWh), large (900 GWh), and extra large
(1500 GWh). We maintain four categories, but establish a variation range that depends
on the category. In particular, the variation ranges are 220 GWh 5%, 485 GWh +10%,
900 GWh £10%, and 1500 GWh +5%. As previously mentioned, the world fleet of LNG

u However, these contracts are not-so-recent to be linked to a gas index.
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carriers is limited. Consequently, we restrict the carrier arrivals depending on the carrier
category. Specifically, at most 5%, 25%, 80%, and 15% of total arrivals are due to small,
medium, large, and extra large carriers, respectively. Moreover, not every carrier catego-
ry accesses every market. Table 3-6 contains the incidence matrix, i.e., the carrier cate-
gory that can have access to each market. Finally, regulated tariffs for loading LNG car-
riers in regasification terminals amounted to 163,003 €/carrier and 1,441 €/GWh during
2012.

Integer Binary

Equations Variables variables  variables Time

Stage 1 Year 12,239 19,384 1,812 0’ 03”
Jan 39,324 61,050 450 4'19”

Feb 36,831 57,263 420 1477

Mar 39,276 60,913 420 3’ 26”

Apr 37,905 58,733 638 4’ 19”

May 39,080 60,460 420 3 39”

Jun 37,942 58,814 493 2' 37

Jul 39,182 60,379 420 1" 33"

Aug 39,286 60,930 540 2' 04

Sep 37,987 58,954 406 2’ 59”

Oct 39,466 61,200 480 314"

Nov 38,095 59,184 464 3’ 20"

Dec 39,219 59,956 330 1517
SIEGSINEETE 463,179 703,753 1427

Table 3-7 — Size and computational time of each model execution

3.7. Shippers’ behavior within a global gas market

The model has been formulated in GAMS and solved by using CPLEX 12 on an Intel®
Core™ 64-bit at 3.40GHz with 16GB RAM. The computational time to solve the case
study was 37 minutes thanks to the new proposed approach to reduce it significantly. It
would have taken several days otherwise. Table 3-7 presents the size and the computa-
tional time of each model execution, in which we can observe the methodological ad-
vantage when we examine stage three. A model execution without any binary variables,
since they are already fixed in stage two, takes more than one minute and a half, which
is approximately the same that it would take to solve each node during the branch and
bound algorithm application time, as the heuristics may reduce the computational time.
Furthermore, we have observed that the number of binary variables would be above
55,000. Both facts together would increase significantly the computational time, proba-
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bly, to several days. The proposed methodology is another relevant contribution of this
thesis as it allows us to obtain detailed solutions of a large time horizon for gas systems.

Optimizing the shippers’ management of gas supply contracts is one of our main objec-
tives. Annual volumes of every contract are exercised, and take-or-pay clauses are nev-
er breached. Let us now observe Figure 3-3, in which the monthly exercise by ESP1 of
its supply contracts, grouped according to the way of delivery, is shown. We can notice
the mirror-image symmetry between prices and delivered quantities. As expected, higher
prices imply lower deliveries. In fact, during these high-price months, shippers are willing
to pay for reducing the monthly take-or-pay clause as shippers would have an additional
amount of gas to be delivered in low-price months. The dual variables of constraints (3.2)
indicate that, for example, ESP1 is willing to pay 1.52 €/ MWh in August in order to re-
duce the monthly take-or-pay clause of its supply contract by cross-border pipeline.
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Figure 3-3 — Monthly exercise by ESP1 of its contract portfolio

One important aspect that is worth examining is the destination of the exercised LNG
quantities. According to our input data, diverted volumes can amount to as much as 10%
of annual volume and 15% of monthly volume. A priori, it could be expected that diverted
volumes will be significant in those months that present a larger margin between both
destination market and contract prices (August in Figure 3-4). Nevertheless, another
relevant diverted volume coincides with the minimum margin (October in Figure 3-4).
This behavior results from minimizing the costs of complying with the take-or-pay clause,
in October, in order to be technically capable of exercising the monthly maximum volume
during the cheapest month, in November. In short, POR2 is willing to lose some money
in October in exchange for saving it in November. We can verify this statement by com-
paring the dual variables of constraints (3.3) in November and (3.2) in October: POR2
would save up to 2.70 €/ MWh if the maximum volume were renegotiated upwards, while
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it would lose 0.44 €/ MWh if the take-or-pay clause were increased as well. Therefore, the
behavior that seems inconsistent is economically justified.
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Figure 3-4 — Destination of LNG deliveries by POR2

Furthermore, an additional advantage of incorporating the supply activity is that we can
now examine the gas chain value, i.e., how much do regulated entry-exit tariffs and sup-
ply costs of total gas costs represent. We observe in Table 3-8 that regulated third party
access to Spain is about 1.45 €/ MWh cheaper than to Portugal®. Consequently, the
regulated costs represent above 23% of total Portuguese gas cost in contrast to 19% of
total Spanish gas cost. Naturally, these cost differences have an influence in the cross-
border pipeline utilization. Gas flows from Portugal to Spain only add up to 3.77 TWh,
while gas flows from Spain to Portugal amount to 12.80 TWh (Figure 3-5), which is in line
with actual Spanish imports 3.22 TWh and exports 8.33 TWh during 2012. Moreover, the
model also captures quite accurately the real utilization of the cross-border pipelines
between Spain and France, despite the fact that the model is only guided by exogenous
prices because any supply contract has been assigned to the cross-border pipelines.
Actual Spanish imports and exports during 2012 amounted to 35.3 TWh and 0.2 TWh,
respectively; simulated Spanish imports amount to 38.3 TWh, simulated exports to zero.
These results confirm that the utilized public sources of information are reliable, at least
to some extent, and that the model performs properly.

Regulated Supply

costs costs Total costs
6.07 (19%) 25.44 (81%) 31.51
5.00 (16%) 26.16 (84%) 31.16
7.52 (23%)  25.52 (77%) 33.04

10.24 (27%)  27.12 (73%) 37.36
3.92 (12%)  29.30 (88%) 33.22

Table 3-8 — Annual unitary gas costs in € MWh

% The value has been calculated as the difference between the regulated tariffs of two comparable shippers,
that is, the former incumbent companies ESP1 with POR1.
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Figure 3-5 — Cross-border pipeline utilization between Spain and Portugal

Regarding LNG carrier movement throughout the world, MIBGAS receives 332 carriers,
of which 60 are medium, 251 are large, and 21 are extra large carriers. In relative num-
bers, 18%, 75.6% and 6.4% of total arrivals correspond to medium, large and extra large
carriers. Real arrivals during 2012 (section 2.8.2, page 58) were equal to 301, of which,
in relative numbers, 2%, 15.6%, 74.1% and 8.3% were small, medium, large and extra
large carriers, which are not-so-different from estimated arrivals. What the model is not
able to capture accurately is the variation of monthly arrivals (Figure 3-6). The mean ab-
solute error is 3 carriers, while the average real monthly arrival amounts to 25 carriers
(i.e., 12% relative error). Moreover, the real standard deviation of monthly carrier arrivals
was about 3 carriers during 2012. However, when the model is free to decide the carrier
arrivals, the standard deviation reduces to 1.4 carriers. As the model is guided by supply
contracts, we may have underestimated the supply contract flexibility regarding both
take-or-pay and maximum volumes and/or the supply contract monthly price variability.
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Figure 3-6 — Monthly carrier arrivals during 2012, reality vs. model

In any case, annual maximum volumes are wholly delivered, i.e., the shippers fully exer-
cise their supply contracts. This behavior is logical as they find an extraordinary profita-
ble business opportunity in exercising the contracts beyond the mere satisfaction of their
domestic demand: Asian gas prices economically justify diverting or loading LNG carri-
ers. Before going into details about carrier loadings at domestic LNG terminals, let us
examine the dual variables of constraints (3.5) in order to appreciate the opportunity
costs that represent the imposition of maximum annual volumes on gas deliveries. Every
shipper is willing to pay for increasing the annual maximum volume, even of the con-
tracts that are delivered by pipeline since if additional gas is available by pipeline, LNG
deliveries can be released from satisfying the domestic market demand. Let us observe
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Table 3-9, which shows the dual variable values and the average supply costs. We have
included a supplementary column, which contains the sum of dual variable values and
average annual supply costs. For LNG supply contracts, this column evaluates which
contract is more advantageous beyond supply costs, which are equal for every contract
belonging to the same shipper. The dual variables are actually internalizing the contract
terms and conditions. In the case of pipeline supply contracts, this column implicitly pro-
vides the chain cost of loading LNG carriers. The shippers are willing to renegotiate the
maximum annual volume clause until the supply cost equals about 38.66 €/ MWh. The
additional gas (by pipeline) releases LNG that can be now shipped to other markets. In
the extreme, the supply cost plus the loading costs must equal the price at which gas is
sold, i.e., the Asian gas price, which is around 44 €/MWh. Therefore, loading costs
amount to about 5.34 €/ MWh.

LNG supply contracts

Pipeline supply contracts

D_ual Supply Total Dual Supply Total
VEELIES costs A VEEIES costs -
(€/MWh) (€/MWh) (&/Mwh) (€/MWh) (E/MWh) (&/Mwh)
11.50 27.16

14.50 39.35

12.40 26.18 38.58 10.10 28.59 38.69
9.00 25.02 34.02 11.50 27.16 38.66
13.00 27.43 40.43

8.80 37.53

9.20 28.73 37.93 7.20 31.44 38.64

Table 3-9 — Dual variables of annual maximum volume constraints and average supply costs

Numb ¢ Loaded Loading Diverted Diverting
Shipper Ig?diﬁr(s) guantity spread guantity spread
9 (GWh) (E/MWh) (GWh) (E/MWh)
ESP1 11 10,262 19.40 4,930 19.05
ESP2 3 2,814 14.92 347 11.00
POR1 3 2,531 14.08 440 10.70
POR2 4 2,655 17.07 2,955 16.53

Table 3-10 — Carrier loadings at LNG regasification terminals

Loading LNG carriers in regasification terminals and shipping them to other markets al-
lows shippers to benefit from price opportunities beyond their domestic market. We have
previously observed the big difference between European gas prices (also, those de-
clared at Spanish customs) and Asian gas prices. In accordance with the model results,
21 loadings, which total 18.3 TWh, are shipped to Asia. As shown in Table 3-10, average
annual loading spreads are higher than diverting spreads. Moreover, the spread differ-
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ences widen when a shipper is obliged to share the profits from the diverted carrier,
which results in 6 to 8 times larger loaded quantities than diverted quantities. In contrast,
when profits from diverted quantities are not shared, the differences between loaded and
diverted quantities diminish significantly.

3.8. Brief summary of contributions

In Chapter 2, we introduced an entry-exit gas market model able to capture the market
performance regarding both operation and contracting decisions in gas facilities (regasi-
fication terminals, underground storages, pipelines, etc.). We have incorporated a simpli-
fied global gas market that allows us to complete the previous model and to consider
how domestic decisions can be influenced by distant market conditions. Several stake-
holders may profit from this innovative model. For example, shippers can optimize the
management of their supply gas contracts and obtain useful information on the economic
value of contract terms and conditions in order to renegotiate them. Furthermore, ship-
pers can improve the coordination between their operation and capacity contracting de-
cisions and their supplies, which may contribute to the efficient utilization of gas facilities.
A second relevant novelty is the integration of a global gas market into the model with a
basic, but accurate for our purposes, representation of the LNG carrier world fleet and
the definition of different producing and/or consuming countries. Thanks to these devel-
opments, shippers can not only focus on competing in their domestic market, but also
take advantage of price opportunities in distant markets either by diverting gas from their
supply contracts or by loading LNG carriers at the regasification terminals and shipping

them overseas.

After the model extension, the arising model size led to the implementation of a new de-
veloped methodology in order to maintain its computational tractability. Although the ini-
tial model was solvable numerically, it would most likely take several days before obtain-
ing a satisfactory solution. Consequently, we present an approach, which reduces great-
ly the computational time (about 98%) without losing accuracy in practice. The success
of this approach is based on making the most of gas market features, such as capacity
and supply contract characteristics.

3.9. Brief summary of future developments

One last and relevant development to represent and understand downstream natural gas
markets performance takes place in Chapter 4, in which a hub that facilitates the interac-
tion of shippers when trading gas is incorporated and examined. In addition, concerning
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supply contracts and a simplified global gas market®®, four additional developments can
be conducted:

o Daily maximum volumes, as well as take-or-pay clauses, are commonly imposed
on gas supply deliveries by pipeline due to the physical characteristics of natural
gas wells. Maintaining steady working pressures at the wells is essential in order
to economically recover as much gas as possible from a gas field. Therefore, the
production rate that depends on the working pressure should also be constant.
Although this rigidity on deliveries does not modify in general terms gas facilities
utilization, its introduction may give additional detail to, for instance, the daily utili-
zation of underground storages.

Furthermore, contract prices are updated according to an indexed formula, which
would be interesting to include; although shippers may not easily provide this in-
formation as it is a key component of any contract.

o Despite the typical rigidity of supply contracts, flexible clauses do exist. We have
already mentioned make-up and carry-forward clauses. Their incorporation would
be undoubtedly of interest for shippers willing to obtain the best management of
their gas supply contracts.

o We have obtained monthly diverted volumes; however, these volumes are actual-
ly diverted carriers. In order to obtain accurate numbers, we could represent each
diverted carrier to better characterize these operations and their value chains
(freights, earnings, etc.). Nevertheless, too much detail may produce an intracta-
ble model. Hence, another possibility would be grouping monthly diverted carriers
to maintain a tractable model, but gaining accuracy with the explicit incorporation
of carriers.

o The opening of natural gas markets to competition has brought out new opportu-
nities to newcomers, including producers. In this new framework, former incum-
bent companies may become suppliers of newcomers through new supply con-
tracts, and producers may also become competitors of former incumbent compa-
nies, i.e., their customers. In both cases, two parties that are tied by a long-term
agreement, named bilateral supply contract, compete in the same market. Be-
sides their management, the interest of modeling bilateral contracts lies in con-
sidering strategic behaviors that may occur in downstream gas markets, such as
market power or market foreclosure.

Finally, cargo freights and/or other fees, which have not been included in the formulation
for the sake of clarity, can be straightforwardly incorporated. In addition, it would provide

%A complete global gas market description would require deep developments
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a final touch to the arrival decisions because freights may vary slightly depending on the

market of origin and the regasification terminal of destination.
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Chapter 4

Economic conseguences of
Including a virtual hub into

an entry-exit system

Trading and human development have been closely related ever since humans started to spread around the
world. The first great civilizations flourished next to large navigable rivers (Nile, Tigris and Euphrates, Yellow
River, and Indus) because they not only provided fresh water and fertile lands, but also facilitated transport,
reducing transaction costs. Later on, the improvements of sea navigation and the geographic position of the
East-West alignment of the Mediterranean Sea favored the birth of relevant civilizations, whose development
was based on commercial exchanges (Phoenicia, Greece, Carthage, and Rome). During the Middle Ages,
fairs (i.e., organized markets) that connected Northern and Southern Europe established most of the current
business laws. Overseas navigation opened new markets since the 1 5 century; while railways and road
vehicles brought inland markets closer during the 1 9™ and 20" centuries, respectively. Telecommunications
have completely changed the commercial relations recently, as transactions can happen instantly. Every
technological development in transport, standardization and communication has often caused a reduction in
transaction costs. In this chapter, we analyze the incorporation of a virtual hub (i.e., an electronic platform)
where instantaneous commercial transactions at negligible transaction costs can take place, which may

result in improved market efficiency.
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4.1. Organized markets after the gas market liberalization

Prior to the gas market liberalization that occurred in North America, Europe, Japan and
Australia, among others, either state-owned or regulated vertically integrated monopolies
were in charge of the whole gas value chain (i.e., supply, transmission and retail). Con-
sequently, organized downstream gas markets neither existed nor were expected. After
the liberalization, gas markets were opened to competition and new entrants appeared
on the scene to compete with the former monopolies. According to the microeconomic
theory, a possibility is that the new entrants gain market share by offering prices below
those of the former incumbent company, which may maintain inflated prices (above mar-
ginal costs) to take advantage of its market power position. Nevertheless, if market pow-
er is exercised, it may not be maintained indefinitely as an increasing competitive pres-
sure from new entrants over time may force the dominant company to reduce prices in
order to stop the drain of market share. Only in this case, the final result would be a per-
fectly competitive market, as long as, among others, the free access rule holds. Howev-
er, barriers to entry are particularly high in gas markets, sometimes hindering new en-
trant willingness and favoring the dominant company position. For this reason, the liber-
alization process may include the privatization and splitting of the former monopoly; but,
this hypothesis has not been considered in this thesis.

When free market rules are being breached, the regulatory authorities must intervene. At
the early stage of a liberalization process, the regulatory framework must provide stable
and sound economic signals to foster competition. With the goal of promoting a competi-
tive gas market, two completely different regulatory models that guarantee the free ac-
cess of third parties have been enforced on both sides of the Atlantic. In the U.S., the
third party access is based on point-to-point transportation, in which each shipper (nor-
mally known as marketer) arranges pipeline capacity contracts to convey its gas from a
supply to a consumption point. In this way, a shipper has the freedom to access the mar-
ket as long as free pipeline capacity is available. When the price difference between two
points, i.e., the scarce capacity valuation, indicates that additional capacity is demanded
by shippers, a pipeline investor will announce an open season period. During the period,
one or several shippers ask for additional long-term capacity, committing themselves to
the investment payment. This procedure leads to the so-called pipeline competition
(Makholm 2012). In contrast, the EU has opted for a model that ignores pipelines: the
entry-exit access model (CEER 2011). This model is based on the so-called balancing
zones that embed the gas transmission and distribution networks, in which each shipper
must observe periodical, commonly daily, balances between its entries, exits and stock

variations (balancing zones have been described in Chapter 2, pp. 21-23, 36-39).
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Opinions in favor and against of both approaches have been, are and will be expressed
in forums about gas market regulation. From our point of view, the starting points of both
gas markets, which were completely dissimilar, conditioned the later imposed regulatory
framework. In the beginning, the U.S. counted on the presence of numerous local distri-
bution companies. Quite the opposite happened as one company dominated the gas
market in each EU member state. Therefore, whereas markets could appear naturally in
the U.S. and, particularly, secondary capacity markets because the pipeline capacity was
not monopolized, EU gas markets required an external boost. A recognized advantage of
entry-exit systems is that they practically eliminate the barriers to entry thanks to the
constitution of balancing markets, in which new entrants collaborate among themselves
to obtain their daily balances. Even when the dominant company may not be willing to
participate’, the new entrants may create enough liquidity.

Two types of organized gas markets have emerged, each associated with each regulato-
ry framework: physical hubs in the U.S. and virtual hubs in the EU?. Their main differ-
ence lies in the location of their trading platform. Physical hubs are linked to a specific
existent gas facility; typically, a relevant intersection of the gas system. For example, the
most important physical hub worldwide, i.e., the Henry Hub, is a distribution hub that
interconnects the offshore gas wells in the Gulf of Mexico and nine interstate and four
intrastate pipelines, and that also provides storage services. The shippers simply trade
with gas at the physical hub determining a gas price at the location. On the other hand,
virtual hubs are balancing electronic platforms. Therefore, virtual hubs are not linked to a
specific gas facility, but to the gas facilities embedded in a balancing zone. As the entries
to and exits from the balancing zones may be uncertain, shippers buy and sell gas to
balance their position. The obtained prices from the trading transactions reflect the gas
prices of the entire geographic zone as it disregards internal transportation costs.

Within the entry-exit paradigm, which has previously been explained in section 2.2 (pp.
21-23), the EU has envisioned the single European gas market as a combination of
competitive virtual hubs (CEER 2011). Many national-level virtual hubs have already
been constituted since the mid 90’s: NBP in the UK (1996), TTF in the Netherlands
(2003), PSV in ltaly (2003), PEGs in France (2004), and Gaspool and NCG in Germany?®
(2009). Moreover, national-level physical hubs also exist inside the EU frontiers, such as

' Results along these lines for secondary capacity markets have already been obtained in section 2.9 (page
70). As a matter of fact, the European Commission has implemented use-it-or-lose-it clauses in capacity
contracts with the aim of encouraging unused capacity releases (EC 2012).

2 Physical hubs have also been established in the EU, such as the Zeebrugge area that interconnects the
UK and continental Europe, the Norwegian gas fields, and also has one LNG terminal.

3 Gaspool and NCG have actually evolved from other markets that were initially established in 2000 and
2006, respectively.
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Zeebrugge in Belgium (since 2000) and CEGH in Austria (2005). Nevertheless, both
Belgian and Austrian national authorities are planning the creation of virtual hubs in line
with the EU Third Energy Package requirements. Virtual hubs may attract the desired
liquidity as a natural approach to trade in entry-exit systems; therefore, virtual hubs are
expected to prevail over physical hubs* (Figure 4-1). Further information on European
hubs can be consulted in (Heather 2012).

Virtual hub A Balancing zones

“Physical & <:> Entry-exit flows

Virtual hub C :> Virtual hub B

Figure 4-1 — Schematics of the single EU gas market

From all the major gas consuming countries or areas in Europe, the Iberian Peninsula,
Spain and Portugal, still lacks a virtual hub. Currently, all the implied parties (regulatory
authorities, shippers, consumers) are discussing how to implement a virtual hub as it is
not straightforward. There are two separate market areas, each with a different regulato-
ry framework, and up to six balancing zones. Consequently, besides the harmonization
of the regulatory frameworks, an investment effort in pipeline capacity that eliminates the
network congestions is necessary. In Chapter 2, we have already harmonized both regu-
latory frameworks. Moreover, we have also confirmed that some balancing zones can be
merged. Hence, our objective is now to examine the consequences of introducing a vir-
tual hub and, specifically, to compare the market performance before and after the virtual
hub incorporation.

4.2. Measuring organized markets performance

An organized market presents a major advantage over an OTC market: reduced transac-
tion costs because it eases four main aspects of commercial transactions. First of all,
buyers and sellers are gathered in a common platform to negotiate, so organized mar-
kets avoid searching costs. Second, the access to organized markets is commonly re-
stricted to reliable traders that have beforehand deposited an admission fee to guarantee
their position; hence, organized markets significantly reduce information costs. In the
third place, as tradable goods are commonly standardized, the bargaining costs are al-

* Unless the EU changes the access rules and adopts a point-to-point system.
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most negligible. Finally, organized markets habitually have the support of clearinghouses
to cover defaults and, therefore, organized markets eliminate enforcement costs.

However, organized markets are useless if involved parties do not participate. In the Eu-
ropean framework, the Council of European Energy Regulators have proposed a set of
indicators to measure the functioning of the organized gas markets, that is, of the virtual
hubs (CEER 2011). In addition, CEER has also provided a reference value to each indi-
cator. As we are evaluating the incorporation of a virtual hub in an entry-exit system a /a
EU, these indicators have also been utilized in this chapter. In detail, there are the follow-

ing indicators:

e The churn rate is used for measuring the market liquidity. It is actually a ratio that
compares the total traded gas volume to the total consumed gas volume. CEER
recommends a value over 8.

e The Herfindahl-Hirschmann Index (HHI) is used for measuring market concentra-
tion. It is calculated as the sum of squared market shares o, of market partici-
pants e=1,2,...E. CEER suggests a value below 2000, i.e., HHI=)"_0Z<2,000.

e The number of different sources, i.e., suppliers, is used for measuring the security
of supply. This requirement is rather vague as CEER just indicates that three dif-
ferent sources must, at least, provide gas.

e The size of the entry-exit zone is measured through the total annual gas demand.
CEER establishes a minimum threshold equal to 20 bcm, i.e., about 235 TWh.

e The Residual Supply Index (RSI) is as well used for measuring market concentra-
tion. It actually measures the capacity of other market participants different from
the largest company to supply the demand. It is defined as a ratio, which is calcu-
lated as the market supply capacity minus the main supplier capacity compared
to the total demand. CEER recommends a value of more than 110% for more
than 95% of days each year.

Besides these five indicators, there are other relevant market results such as the system
gas prices, or each shipper’s traded volumes, markets shares and profits, which provide
information to examine not only the market performance, but also the shippers’ incen-
tives to behave efficiently under a perfectly competitive framework.

4.3. Incorporation of a virtual hub in an entry-exit model

Organized gas markets have already been included by other authors in the main families
of gas market models. In most cases, the organized markets are equivalent to virtual
hubs because regions, instead of pipeline networks, are established to take into account
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transportation constraints, such as in (Boots et al. 2004), (Zwart, Mulder 2006), (Holz et
al. 2008) and (Lise et al. 2008). On the other hand, (Gabriel et al. 2005) develop a point-
to-point system model, in which physical hubs are represented.

In this section, we incorporate an organized market, as a virtual hub, into the previously
described entry-exit market model; that is, we extend the model with a virtual hub and,
simultaneously, maintain the supply and capacity contracting structure that none of the
previous references include, at least, with such level of detail. In section 2.6.1 (pp. 46-
48), we have already included three OTC balancing markets through equations (2.77)—
(2.79) in LNG terminals, in underground storages, and in balancing zones (equivalent to
pipeline networks), respectively. We have as well defined three constraints (2.83), (2.84),
and (2.85), which represent the physical swaps that happen when markets are not de-
veloped enough and lack liquidity. When these three constraints are excluded from the
model, that is, when shippers sell and buy gas in exchange for money, we are roughly®
representing several physical hubs in an entry-exit framework. One physical hub in each
gas infrastructure has little sense though, because the liquidity requirements for a proper
hub performance would be clearly compromised. In any case, we have previously men-
tioned that in an entry-exit system, a virtual hub is the adequate type of organized market

and, consequently, we do not include physical hubs.

Balancing zone

Regasification Virtual hub
Withdrawals > Injections
Imports Exports
Inter-zonal flows Inter-zonal flows

" Buys Sales

Line-pack@

Figure 4-2 — Entry and exit flows, and balancing operations in a virtual hub

Demand

A virtual hub is an organized market that allows shippers to balance their positions within
an entry-exit framework; i.e., a virtual hub is indeed a balancing market (Figure 4-2) that
is linked to a balancing zone z, where shippers buy g27*¢ and sell g7"# gas during day d:

zed zed

3.0kP-Y,qe vad @

These purchases and sales modify the daily entry-exit balance constraint (2.30):

®ltis roughly in particular for gas pipelines as transactions do not only occur in the form of line-pack (as we
are representing), but also as sold or purchased gas flows.
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Although the inelastic demand D9 is a parameter that represents the total daily demand
of each shipper in each balancing zone, the market transactions may modify the demand
that is actually satisfied by each shipper. In a few words, the shippers compete in virtual

hubs, despite the underlying, supposedly rigid, contract structure.

Both constraints (4.1) and (4.2) introduce a virtual hub for each balancing zone into the
entry-exit model that we have been describing during Chapter 2 and Chapter 3.

4.4. Valuation of organized market alternatives

In Chapter 2 and Chapter 3, we have also described the case study; specifically, the gas
system (section 2.8, pp. 51-64), which includes the technical details, the markets struc-
ture and the regulatory framework, and an accurate supply contract portfolio (section 3.6,
pp. 90-94) of MIBGAS during 2012. In what follows, we compare four plausible cases
regarding the incorporation of virtual hubs:

e No-market case (NM). We prevent any market transactions as no virtual hub ex-
ists. However, we allow physical swaps in LNG tanks, which are necessary in or-
der to obtain a feasible solution®. The NM case represents a non-collaborative
solution.

e Six-virtual-hub case (6VH). We include one virtual hub in each current balancing
zone: Levante, Catalunya, Ebro, Noroeste, Centro and Portugal. We, in addition,
maintain Spain and Portugal as separate market areas, i.e., we do not eliminate
the so-called pancaking effect that increases gas prices without proper economic
foundations as it does not provide correct economic signals. The 6VH case rep-
resents a situation in which investments in new infrastructure do not take place,
and may be useful for future cost-benefit analyses which examine whether in-
vestment costs compensate net social benefits.

e Single-virtual-hub case (SVH). We consider that there are enough investments to
increase the capacity connection between the existent balancing zones and be-
tween Spain and Portugal, in order to merge both market areas and all the bal-
ancing zones into one market area and one balancing zone. The SVH case fore-
sees MIBGAS as it seems to be in the future.

® As a matter of fact, physical swaps occur in LNG tanks when organized markets do not exist because LNG
carrier arrivals are temporarily distant. Imbalances in LNG stocks would be common otherwise.
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e Single-virtual-hub plus physical-swap case (SVH+PS). As physical swaps in LNG
terminals are relevant, we assume that OTC balancing markets, in which physical
swaps happen, do not extinct after the incorporation of a virtual hub. Therefore,
the SVH+PS case is a plausible extension of the SVH case.

The former two cases (NM and 6VH) correspond to the left-hand side, while the latter
two cases (SVH and SVH+PS) to the right-hand side of Figure 4-3.

Noroeste

Catalunya

Levante

Portugal
O LNGterminal

@ Cross-border pipeline

O LNGterminal

Figure 4-3 — Pre-investment and post-investment MIBGAS situation

4.4.1. Gas Target Model objectives

Let us start comparing the CEER indicators for the previous four cases. Regarding the
market size, only the merging of both market areas and all the balancing zones, SVH
and SVH+PS cases, achieves the minimum recommended demand of 235 TWh. Specifi-
cally, MIBGAS as a single market area presents an annual demand of 390 TWh, where-
as the maximum zonal demand when MIBGAS is fragmented amounts to 117 TWh in the
balancing zone Centro.

On the other hand, the number of supply sources is mostly predetermined by the supply
contract portfolio for all the cases. According to the contract portfolios that we have esti-
mated, Algeria supplies 55% of total gas, Nigeria around 17%, Middle East and Europe
supply each about 10%, and 8% is supplied by South America.

Market liquidity is measured by the churn rate, which is defined as the ratio between the
traded volume and the demand. For the sake of simplicity, we compare annual volumes,
although other time scopes (day, month, quarter, etc.) can be used. Actually, fulfilling the
churn rate objective is impossible as the model does not represent market makers. For
this reason, we utilize the NM case as benchmark to observe the churn rate improve-
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ments when virtual hubs are incorporated. Table 4-1 shows the churn rate values for the
four cases. The churn rate of NM case, in which only LNG physical swaps are permitted,
is 0.16. The churn rate of MIBGAS increases to 0.50 when a virtual hub is established in
each balancing zone (6VH case). However, the churn rate only slightly improves when
there is one market area and balancing zone (SVH case) as it increases to 0.21 with
respect to the NM case. The situation does not improve much when physical swaps are
also permitted (SVH+PS case) as the obtained churn rate amounts to 0.32, of which half
are physical swaps and half are virtual trades. According to (Heather 2012) calculations,
if we exclude NBP and TTF, in which the churn rate amount to 21.35 and 14.25, respec-
tively, thanks to market makers, the market liquidity is a major concern of European au-
thorities because its lack is a common and chronic problem of European virtual hubs
(e.g., 1.32 in Germany or 0.54 in France). In any case, as we do not represent market
makers, we are actually estimating the proportion of the total demand that is supplied
through an organized market. In the 6VH case, this proportion reaches up to 50%, which
may be an adequate value (for example, similar to the Iberian electric power market). On
the contrary, the SVH and SVH+PS cases clearly present inadequate liquidity levels.

Value Evolution

0.16 NM
0.50 6VH
0.21 SVH
0.32 SVH+PS

Table 4-1 — Churn rate for each case Table 4-2 — HHI value and evolution

The last two indicators measure the market concentration. The HHI is clearly determined
by the inelastic demand, which is an exogenous parameter. In fact, as we only have de-
fined five shippers, the minimum HHI is 2000, which coincides with the suggested HHI
value by CEER. For this reason, we calculate the HHI with the four main shippers as-
suming that OT is actually composed of shippers with a 1% market share. In any case,
as a virtual hub allows shippers to sell and/or buy demand, we can compare the evolu-
tion of the HHI index with respect to the NM case. The gas market is in general more
competitive as it is enlarged, although the HHI changes at most 4.47% (Table 4-2). As a
matter of fact, constituting several virtual hubs results in additional market concentration.
Therefore, the correct long-term policy in order to encourage competition is to constitute
a single virtual hub as new entrants find a business opportunity to gain market share.

Nevertheless, we should examine, through the RSI value, if the system provides enough
access capacity to new entrants. The supply capacity that is used for calculating the RSI
cannot automatically be defined when the domestic production is negligible. The first
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possibility is considering gas supply contracts, but as little public information is available,
RSI values would be extremely conditioned by our estimations. In order to overcome this
drawback, we have defined a daily supply capacity equal to the immediately available
supply capacity, which includes the part of regasification g5F¢, withdrawal %™, import
qM> and inter-zonal connection §qZ%) capacities that are not utilized by the main supplier.
However, as the utilization of LNG terminals and underground storages is subject to the
availability of gas inventories, when the residual regasification or withdrawal capacities
are larger than their respective stocks, these stocks determine the immediately available
supply capacity. Moreover, inter-zonal connection capacity is conditioned by the immedi-
ately available supply capacity of the neighboring balancing zones. At last, we also in-
clude the line-pack storage in pipelines as immediately available capacity. In short, the

daily RSI in each balancing zone is calculated as follows:
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Constituting either several or a single virtual hub results in a counterintuitive conclusion,
such as it may not favor the fulfilment of the RSI objective (Table 4-3). Although it may
be a sign of capacity hoarding by the dominant company, we must keep in mind that we
have utilized our own RSI definition, which may somehow differ from actual RSI values.

[\[o] 8 Cent. Port. MIBGAS
NM 100.00% 96.99% 99.18% 95.08% 100.00% 99.45%

A0 | 100.00% 97.27%  99.18%  75.68% 100.00%  92.90%
SVH - - - - -
SVH+PS - - - - -

Table 4-3 — Percentage of days of RSI above 110%

We compare the level of fulfillment of the CEER objectives by the four previous cases in
Table 4-4. First of all, we notice that the lack of liquidity, which may as well be related to
the market concentration as the HHI indicates, is a big issue in any case. Nevertheless,
with an investment effort to eliminate the capacity congestions and, therefore, merge all
the balancing zones into a single one, the foundations for a competitive market will be at
least established as the RSI reveals. On the other hand, the minimum market size is only
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achieved when a single virtual hub is constituted. Therefore, we can conclude that the
best solution to achieve a competitive gas market consists in merging all the balancing
zones into a single one. However, both liquidity and market concentration will still repre-

sent major concerns for a proper market performance.

Supply Market
sources size

SVH+PS

Table 4-4 — Percentage of days of RSI above 110%

4.4.2. Shippers’ behavior in virtual hubs

Let us now focus on some specific market results. One of the most interesting results is
the convergence of each shipper’s marginal costs. Within a perfectly competitive frame-
work, these marginal costs coincide with the domestic gas price that is offered by each
shipper to its consumers. As expected, when a single virtual hub is constituted, the mar-
ginal costs reach a unique value, which coincides with the gas price. In contrast, when a
single virtual hub is not established, the marginal costs move in unison, but do not exact-
ly overlap because each shipper has a different market share in each balancing zone
(Figure 4-4). This result can also be observed in Figure 4-5, in which the average zonal
marginal costs are shown. Noroeste, because it is virtually isolated, and Portugal, due to
the pancaking effect, present different marginal costs, although Noroeste is closer to the
four converging balancing zones. Moreover, we can observe that the average marginal
costs of POR1 are a consequence of the Portuguese market, where it is the dominant
company and, hence, covers a large part of the demand.
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Figure 4-4 — Shippers’ marginal costs in 6VH and SVH cases
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Figure 4-5 — Zonal marginal costs in 6VH and SVH cases

When comparing the shippers’ traded quantities and market shares (Table 4-5 and Table
4-6) of each case, we can promptly notice that the dominant company, i.e., ESP1, does
not participate in virtual hubs in accordance with its market share, even within a perfectly
competitive framework. In addition, ESP1 incurs losses when it participates in the virtual
hub (86.3 and 210.4 million Euros in the SVH and SVH+PS cases, respectively); and it
earns 13.1 million Euros in the 6VH case, which coincides with its maximum participation
in the virtual hubs. As strategic behavior cannot take place within a perfectly competitive
framework’, the market structure does determine that the dominant company is only
willing to participate when it obtains profits. For this reason, a high participation of the
dominant company may not be expected when the market is not indeed competitive. We
reach the same conclusion as when we previously applied the Gas Target Model analy-
sis: both the liquidity and the market concentration are major concerns for a proper mar-
ket performance.

118.16 71.11 44.90 55.90 103.33

30% 18% 12% 14% 26%
44.05 28.80 21.02 23.69 35.09
29% 19% 14% 16% 22%

svieps | IEEA 18.11 19.91 2317 2443
27% 16% 17% 20% 20%

Table 4-5 — Shippers’ traded quantities in virtual hubs in GWh

ESP1 ESP2 POR1
N 45.28%  13.04% 9.21% 24.36%

6VH 45.43%  10.77% 10.95%  22.03%
SVH 44.66%  12.25% 9.19% 23.16%

SR 43.69%  11.71% 11.10%  23.66%

Table 4-6 — Shippers’ market shares after virtual hub trading

! Price-taking behavior takes place in perfectly competitive markets in accordance with one of the perfect
competition assumptions: a large number of sellers and buyers.
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4.4.3. Price sensibility to supply variations

Organized markets bring price transparency to their market participants. Accordingly, a
unique gas price is obtained for each supplied quantity; that is, a virtual hub provides a
price-supply curve, which allows consumers to optimize their consumption decisions and
determines, together with the price-demand curve, the market functioning. We have cal-
culated the price-supply curve for the SVH case by varying the supplied quantity, i.e., the
inelastic demand +2%. The resulting curve is shown in Figure 4-6. We have initially ob-
tained a linear function, which presents a positive slope and fits the data accurately
(R?=0.96):

c(q)=1.74-q+328 (4.4)
o 400
EA 395
§§ 390
'(_‘%v 385 ®
2 380

30 31 32 33 34 35 36 37 38 39 40 41
Gas price (€/MWh)

Figure 4-6 — Price-supply curve of the virtual hub (linear function)

The obtained linear function can be directly used in other optimization problems in which
the specific gas market details can be simplified. For example, we employ an equivalent
linear curve in section 5.3.1 (pp. 130-131). Despite the fact that a linear function main-
tains the (quasi) convexity and increasing monotonic properties and captures adequately
the price-supply relationship, we have also defined a quadratic function (Figure 4-7) in
order to show that its curvature is as well convex due to the law of diminishing marginal
productivity that also applies to the gas industry. Naturally, the quadratic function also fits
the data accurately (R?=0.97):

¢(q)=0.55-°+1.77-9+390 (4.5)
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Figure 4-7 — Price-supply curve of the virtual hub (quadratic function)
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4.5. Brief summary of contributions

The incorporation of a virtual hub into the entry-exit model that we have been developing
along Chapter 2 and Chapter 3 is the main contribution of this chapter. In this way, we
have finished the development of a complete entry-exit model, which has allowed us to
examine several aspects of entry-exit gas markets. In previous chapters, we have high-
lighted how stakeholders, such as shippers, regulatory authorities, or system operators,
can benefit from the model utilization. The last improvement, i.e., the virtual hub incorpo-
ration is as well worthwhile for the stakeholders and, in particular, shippers and regulato-
ry authorities:

e Shippers can evaluate their degree of participation in a virtual hub; in order to not
only maximize their profits through gas spot sales and purchases, but also to gain
market share. Furthermore, a virtual hub provides transparent gas market prices
that can be forecasted with the model, so shippers can also know when to partic-
ipate. Both optimization processes should result in a reduction of gas prices.

e Regulatory authorities can monitor the market performance and prevent market
power abuses by establishing the model solution as the gold standard. Moreover,
when a market flaw is identified, the regulatory authorities can utilize the model to
evaluate different policies to correct the flaw.

On the other hand, the model extension has allowed us to examine the incorporation of a
virtual hub into a real system, the MIBGAS, which is planning to establish a virtual hub in
the near future. After comparing the estimated results with the Gas Target Model re-
quirements, we have concluded that establishing a virtual hub may affect positively the
degree of competition in line with the EU objectives. However, a virtual hub is not the
panacea for achieving competitive downstream gas markets, because the market struc-
ture may condition its performance. In particular, the market concentration that reduces
the virtual hub liquidity hinders the entrance of new shippers; therefore, the degree of
competition does not increase.

At last, and thanks to the price transparency that is provided by organized markets, we
have obtained the price-supply curve of the downstream gas market. The functioning of
any market is determined by both the supply and demand curve; hence, the relevance of
obtaining this curve through a fundamental model, which considers all the technical and
economic aspects of the gas market.
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4.6. Brief summary of future research guidelines

With the virtual hub incorporation, we have finished the development of a very complete
entry-exit market model. In the previous chapters, we have already addressed several
relevant issues that may be worth being included in further model extensions. This chap-
ter has also left two open questions to better represent virtual hub operation:

o Public market data indicate that gas markets are concentrated. Furthermore, we
have observed that an elevated market concentration considerably conditions the
virtual hub results. For a dominant company, exercising its market power position
is a temptation, which should be considered in a model that is intended to exam-
ine the market performance. For example, (Boots et al. 2004) model market pow-
er through conjectural variations.

e Liquidity requires the intervention of market makers, which facilitate the finding of
counterparties to close the transactions. As important participants of virtual hubs,
they could be included in future model extensions.

Finally, we have concluded that the Gas Target Model is hardly achievable with the cur-
rent market structure. However, different long-term policies or regulations to encourage
the degree of competition could be evaluated, such as requiring the dominant company
to transfer customers to the competition or merging neighboring gas markets (i.e., consti-
tuting the single EU gas market) to dilute the market concentration.
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Chapter 5

Intertwined Energy Markets
under Uncertainty:
Decision Making in Gas and

Electricity Markets

One of the major revolutions in street lighting took place when gas, from coal distillation, was revealed as a
commercial solution to illuminate the streets of cities, starting with London in 1817. Gone were the days of
candles and lamplighters; and of gas lamps as well, because later in the same century, electric lamps
appeared and displaced gas lamps that nowadays are maintained as past reminiscences in some urban
areas of Berlin, London or Boston. Nevertheless, fashions some way or another come back. Since the early
2000s, natural gas has been increasing its share in the power generation mix and, hence, illuminating our
streets again. In this chapter, we partially addressed a breaking concern: the interdependency of gas and
electric power systems. In detail, we analyze the behavior of a generation company that purchases gas in a
spot market, contracts for capacity of a shared pipeline, and competes in an electric power market, and

making these decisions under an uncertain environment due to renewable energy sources intermittency.
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5.1. A fashionable fuel for electricity generation

Over the last two decades, natural gas has played an increasingly larger role as an input
fuel for electricity production. For instance, gas consumption in the U.S. electric power
sector has increased 2.24 times from 1997 to 2012. The EU has not been a mere wit-
ness to the process and some of its members, like Spain, produce up to 30% of electrici-
ty with gas, when gas consumption was almost insignificant a decade ago. And not only
developed countries, but also emerging countries, such as China, Brazil, or Russia, plan
to utilize gas to fuel their growing economies. Furthermore, recent events in Fukushima,
which has rekindled the nuclear debate, and technological improvements on shale gas
extraction', and the subsequent cost reduction, have given a final boost to rely on gas
for electricity generation. Beyond these facts and numbers, two main reasons explain the
likelihood that gas will remain the preferred fossil fuel for electricity generation over other
fossil fuels such as coal or oil. First, while gas prices may not necessarily remain lower
than coal prices in terms of monetary units per unit of released thermal energy, gas-fired
power plants (GFPPs) have higher conversion efficiencies than coal power plants. Typi-
cal GFPPs operate with thermal efficiencies near 60%, while coal plants operate with
thermal efficiencies near 30%. Furthermore, in electric power systems with environmen-
tal regulations that limit or tax emissions such as CO,, SO,, and/or NO,, gas technolo-
gies will habitually undercut other fossil fuel technologies. Second, the rate of return on
investment for GFPPs is relatively large compared to other fossil fuel technologies be-
cause GFPPs have significantly lower investment costs relative to other types of thermal
plants.

The increasing importance of GFPPs in electric power systems for both economic and
environmental reasons justifies the joint analysis of gas and electricity systems. Although
pipeline companies have made large investments to adapt their infrastructure in anticipa-
tion of greater gas demand, electricity generation companies can still face pipeline ca-
pacity scarcities that prevent them from participating in electricity markets. As previously
mentioned in Chapter 2 in order to operate in gas facilities is required to contract for ca-
pacity. If several consumers (e.g., households, industries, and generation companies)
share a common pipeline, and capacity on that pipeline becomes scarce, for instance, in
the middle of winter due to increased gas consumption for heat, electricity generation
companies may not have access to the pipeline capacity that they need to receive their
fuel; therefore, contracting for pipeline capacity in advance, which is similar to make a

' Shale gas is the name given to gas that is trapped within shale formations. Mainly in the U.S., the techno-
logical improvements have caused considerably gas production increments and gas price drops.
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hotel reservation in every sense?, is a necessity for generation companies. Although
future work will be still required to conduct a comprehensive study, in this chapter we
introduce an initial approach to examine electric power and gas systems integration. To
this point, our objective is to analyze pipeline capacity contracting by a generation com-
pany that shares a common gas pipeline with other consumers.

In addition to concerns about pipeline capacity contracting, electricity generation compa-
nies must purchase their gas through long-term contracts (Chapter 3) or in the domestic
spot market, or hub (Chapter 4). In the spot market, prices tend to be directly proportion-
al to demand, and these prices directly influence the behavior of gas generators in elec-
tricity markets. Consequently, we define an equivalent price-quantity curve of the zonal
hub (Figure 5-1), such as it has been done in section 4.4.3 (page 116). In this manner,
we can obtain a price-quantity curve that represents gas price increments when gas is
progressively being demanded (i.e., gas is an ordinary good). Both gas consumers and
generation companies purchase gas in the spot market altering prices. However, as long
as generation companies compete in the electric power market with other producers and
gas prices are not constant, the chapter objective extends to include not only pipeline
capacity contracting decisions by a generation company that shares a common pipeline
with other consumers, but also its concurrently participation in both a gas spot market
and an electric power market.

=~ g

" Quantity

Figure 5-1 — Graphical representation of reducing the gas system to a gas spot market

2 Hotel reservations and capacity contracts share common characteristics. For instance, hotels typically offer
a discount if a guest stays during several days as well as a contract that spans in time is usually cheaper
than a short duration contract. Even last minute offers and rush prices appear in both hotel reservations and
capacity contracts. If a generation company waits until the very last moment, it can either purchase released
capacity in secondary markets at a price that can be indeed lower than in primary markets, or contract avail-
able, i.e., non-allocated capacity at high prices.
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GFPPs have also recently played a prominent role providing operational flexibility, spe-
cially, with respect to ramp rates and start-up/shut-down times compared to other ther-
mal technologies, to electric power systems with intermittent renewable energy sources.
Yet, to provide this flexibility, the owners of gas generators in power systems with liberal-
ized markets must incorporate the uncertainty of renewable energy sources into their
decision-making process, particularly, when they contract for pipeline capacity, well in
advance of actually knowing their electricity commitments. Finally, our previous objective
extends to analyze pipeline capacity contracting by a generation company that shares a
common pipeline with other consumers when this generation company is participating in
both a gas spot market and an electric power market subject to the uncertainty of renew-
able energy sources. Once the objective of this chapter has been clearly stated, we em-
phasize the GFPP increasing importance to support the integration of renewable energy
sources and describe how the new operational context can affect the decision-making
process of a generation company.

5.2. From gas wellheads to windmills

Climate change, energy independence, or fossil fuel depletion are different motivations
that have led public authorities to encourage the development and deployment of renew-
able energy sources. For instance, according to Eurostat (the statistical office of the EU),
the share of electric power generated from renewable energy sources in the EU-25 has
increased from 12.45% in 2002 to 20.54% in 2011. Renewable energy sources include
intermittent sources, such as wind and solar power3, or dispatchable sources, such as
hydro, biomass and geothermal power”. If we focus on the electric power system stabil-
ity, dispatchable sources are preferable to intermittent sources. Nevertheless, the devel-
opment and deployment have predominantly relied on intermittent sources because they
present: 1) a relevant potential, any place where wind blows or sun shines; 2) a reduced
impact on other economic activities, windmills in vacant lots or solar panels in building
roofs; and 3) fast learning curves, wind and solar technologies costs have dropped dra-
matically during the last decade approaching to grid parity®. For example, according to
Eurostat, in the EU-17, solar power increased from 5.8 GWh in 2002 to 65.8 GWh in
2011, while wind power increased from 29.5 GWh to 140.3 GWh; that is, intermittent

% We cannot control when the wind blows or the sun shines. In fact, experienced meteorologists making use
of really complex models sometimes fail to forecast tomorrow’s weather.

* Water and biomass can be stored in reservoirs or warehouses, while geothermal power (i.e., the Earth) is
an “infinite” source of power.

® Grid parity is a concept that defines the cost at which a new technology equals the electricity market price,
which normally coincides with the most expensive fuel cost, such as oil. At this point, subsidies or tax credits
to encourage renewable energy sources may start to be reduced.
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sources have risen from a meager 4.6% to a relevant 15.4% of total renewable energy
used for electricity generation. Moreover, wind power, which is more intermittent than

solar power, accounted for most of the increment in absolute terms.

As the deployment of intermittent renewable energy sources will continue, electric power
systems are evolving to give an answer to the challenge of integrating a growing share of
intermittent sources. The main concern about integrating such a large amount of intermit-
tent sources is that it can lead to more system instability. This instability can be caused
by sudden changes of renewable power generation and, in particular, by a drastic fall of
generation if, for instance, the wind stops blowing. Independent system operators (ISOs)
that are in charge of monitoring power system stability have different ways to respond to
this intermittency. Briefly, in general, the possibilities are the following (COWI, 2012):

e Hydro power plants can start up in a few seconds when needed due to a sudden
decrease of renewable power generation. In contrast, if renewable power genera-
tion increases, pump storage plants can come into operation in about a minute
offering small energy losses (total efficiency around 70%). However, their main
drawback, at least in developed countries, is that new hydro sites may be scarce,
and the re-powering potential of old plants is limited.

e Nuclear and coal power plants are rather inflexible and unable (or able at high
costs) to start up or alter their output as fast as renewable sources do. Oil power
plants are flexible, but expensive, and they are often unavailable, or even in pro-
cess of being dismantled®, particularly, in developed countries.

o We can distinguish two types of GFPPs: combined-cycle gas turbines (CCGTs)
and open-cycle gas turbines (OCGTs). A CCGT power plant is slower (start-up
time in 8 minutes), but more efficient (up to 60%), than an OCGT power plant (3
minutes, up to 40%). In addition, OCGTs tolerate more start-ups and shut-downs
than CCGTs during their lifetime, because the steam turbine lifetime” is reduced
by start-ups and shut-downs quicker than gas turbines lifetime.

e Demand side resources such as interruptible demand contracts, with economic
benefits for consumers, have been in place for a long time. Furthermore, several
current research projects on improving demand-side management seek to design
smarter power systems.

e Compressed-air and hydrogen power plants are still being developed. When they

are finally cost-competitive, they will be installed next to wind farms and will serve

6 Lately, huge investments in GFPPs have caused the expelling of expensive oil plants from the market and,
hence, their put out of business.

" CCGTs differentiate from OCGTs in the steam turbine. The higher efficiency of CCGTs with respect to
OCGTs is because the steam is produced with the residual heat of exhaust gas from gas turbines.
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as clean energy storages®. Wind farms will compress air or produce hydrogen in
periods of low electricity demand and high wind conditions, and utilize one of both
products for electricity generation in periods of high electricity demand and low
wind conditions. The operation will be similar to hydro pump power plants.

From the previous available possibilities, the best alternative to support the integration of
renewable energy sources at the present time is utilizing GFPP flexibility. They offer flex-
ibility at a reduced cost and, moreover, are ubiquitous in electric power systems, so they
can collaborate to voltage control. However, generation companies manage their GFPPs
in liberalized power systems, neither the ISOs, nor the regulators®. A generation compa-
ny, whose objective is making profits, should be ready to replace, for example, windmills
when wind stops blowing and electricity prices raise. Generating electricity with a GFPP
is a short-term decision that is commonly taken the day before, or a couple of hours or
minutes earlier, depending on what market (day-ahead, intraday, balancing, etc.) clears
at each moment, on condition that gas is available in the gas pipeline network. Simulta-
neously, its availability depends on whether a generation company has acquired gas and

contracted for the corresponding capacity to transport gas right to the GFPPs.

However, as already said, a generation company competes in an electricity market with
more generation companies that may own gas, other thermal (nuclear, coal, oil), and
hydro power plants. The market clearing that is influenced by renewable energy sources
determines which company produces. Once the electricity market has been cleared, a
generation company requires gas that can be purchased in a gas spot market where the
generation company also faces competition, because industrial users, households and
other generation companies participate in gas spot markets and may increase gas pric-
es. In addition, the generation company shares a common pipeline with other consum-
ers. When the capacity is scarce, those gas consumers that hold capacity contracts have
right of access, while the rest of consumers are prevented from using the pipeline. Typi-
cally, pipeline operators offer two types of capacity contracts:

e Firm capacity contracts provide the highest priority to the holder. Consequently, a
pipeline operator may not offer firm capacity above the available capacity, which
coincides with the difference between the pipeline capacity and the firm capacity
already contracted. Even though firm capacity is the most expensive one, its
highest priority level makes it really interesting to pipeline users, which are willing

® Neither compressed air nor hydrogen produces CO, emissions when they are used for electricity genera-
tion.

° Needless to say, ISOs do not lose their authority to modify electricity market results (e.g., with another
market) when system stability is not guaranteed, as well as regulators may intervene if they observe an
anomaly in market performance.
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to reserve capacity in advance. Pipeline operators, which offer long- to medium-
term capacity contracts, benefit from a situation that guarantees stable incomes
during the pipeline lifetime.

Besides, pipeline operators commonly constitute an electronic platform in which
users can release their unused capacity and transfer the payment duty to other
users that obtain firm capacity. In such a manner, pipeline operators also guaran-
tee elevated pipeline utilizations, and subsequent incomes.

o Interruptible capacity contracts provide the lowest priority to the holder. These
contracts can be offered with a discount or even for free. The sum of firm and in-
terruptible capacity may exceed the available capacity; or may not, as some con-
sumers may be interested in contracting cheaper interruptible capacity (in com-
parison to firm capacity) and when interrupted either resign themselves or switch
to alternative fuels, like oil.

A generation company, who seeks to maximize profits in an electric power market, must
not only consider market characteristics (intermittency of renewable sources among oth-
ers), but also optimize both purchases at a gas spot market and capacity contracts port-
folios. In a few words, a generation company turns to a spot market to supply its GFPPs
and, in addition, contracts for the corresponding pipeline capacity because any gas flow
would be impeded otherwise. In detail, a generation company faces various decisions
with two different time scopes: 1) short-term gas purchases, which are directly related to
electric power market results and, hence, subject to the uncertainty of renewable energy
sources; and 2) long- to medium-term capacity contracting decisions, which are taken in
a specific moment (well in advance to short-term operation) and should be robust despite
short-term uncertainty. Robust decisions imply that risk-neutral agents take unique long-
and medium-term contracting decisions for all scenarios, whereas short-term decisions,
i.e., gas purchases and electric power generation, do depend on each scenario.

5.3. Gas purchases, capacity contracts and power markets

Our main objective is to simulate a generation company that owns a set of GFPPs, pur-
chases gas in a spot market, and contracts for pipeline capacity. The problem has been
in part addressed by other authors. In the very short term, different authors propose simi-
lar single-period models to jointly analyze electric power and gas systems, in which the
gas network includes compressor stations'®: (Mufioz et al. 2003) examine the reliability

10 Compressor station modeling implies the incorporation of the gas flow equation (also known as Weymouth
equation) to calculate gas flows according to pressures at both extremes of the pipeline. The models basical-
ly differ in the way of dealing with an optimization problem with a non-linear constraint introduced by the
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of an electric power system by maximizing the GFPPs production; (An et al. 2003) and
(Unsihuay et al. 2007a) obtain gas and electric optimal power flows that maximize social
welfare or minimize total system costs; (Dias de Mello and Ohishi 2006) dispatch a pow-
er system without considering the network; and (Urbina and Li 2007) include supply con-
tracts and minimize electricity costs. (Abrell and Weight 2010) examine a stylized repre-
sentation, which omits the compressor stations, of the European gas and electricity net-
works with a static model. In the short term, (Shahidehpour et al. 2005) discuss the im-
pact on an electric power system of different contingencies in a gas facility that cuts off
the supply of GFPPs; (Li et al. 2008) solve an unit-commitment problem subject to gas
network constraints with fuel switching possibility; (Chaudry et al. 2008) include line-pack
capacity and gas storage facilities when minimizing gas supply, gas network operation
and electric power generation costs; and (Liu et al. 2009) consider, besides gas storage,
compressor stations to solve an unit-commitment problem.

In the medium and long term there is little literature to our knowledge. (Bezerra et al.
2006) propose a dynamic programming model in order to obtain the operation plan of
hydrothermal and gas systems subject to stochasticity; and (Duenas et al. 2012) seek to
maximize the profits when managing gas supply contracts (including gas network con-
gestions) in imperfect electric power markets. (Unsihuay et al. 2010) extend their single
period model to capacity expansion of both systems.

The model here presented has tried to fill a gap that is of interest in current deregulated
gas and electric power systems: how long- and medium-term decisions related to pipe-
line capacity contracting influence short-term decisions related to GFPP operation sub-
ject to renewable power generation uncertainty.

E> Industry c 1 sglgrdrgl;lzlvs
Balancing zone Households~°"S4Mer ﬁ
E>‘GFPP Consumer2‘:> -
Gas opor Electricity
25 9P :> GFPP :> market
Purchases Capacity contracts I:> HouseholdsConsumer3 ﬁ
Other thermal
|:>‘ Industry Consumer4‘ power plants

Figure 5-2 — Graphic representation of overall model structure

Figuratively, the gas spot market is connected with the electricity market through a gas
pipeline (Figure 5-2). The purchased gas flows through the pipeline, as long as capacity

Weymouth equationsign(f;)-f7 =CZ-(p? —p? ), where p; is the pressure at node i, and sign() defines the flow f;/
direction.
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has been contracted, to either the electricity market or to other gas consumers such as
industrial users or households. However, gas consumption in the electricity market also
depends on a market-clearing process in which gas must compete with other fossil fuels
(coal, oil, etc.). Let us assume a thermal system (that is, without hydro power plants), in

which intermittent wind and solar are always dispatched".

In short, there is a zonal gas spot market, z. An exit gas pipeline'?, j, connects the mar-
ket with gas consumers, e=1,2,...,E. A balance between inflows (market purchases) and
outflows (demands) is monitored each day, d=1,2,...,D. Gas covers industrial users and
households demand and feeds GFPPs. These GFPPs and other thermal power plants in
this system constitute the group of power generators, g=1,2,...,G, that satisfy the residu-
al thermal electricity demand after dispatching renewable generation. As long as renew-
able power generation is subject to uncertainty, residual electricity demand is defined for

different scenarios, k=1,2,...,K.

The model, a mixed-integer quadratic programming (MIQP) problem, is formulated as a
combination of a quadratic programming (QP), a linear programming (LP), and a mixed-
integer programming (MIP) problem. We start with the description of the gas spot market
model. Then we present the capacity contracting model, which is really similar to the one
described in section 2.5 (pp. 39—46). Finally, we introduce the electricity market model
and its link to the gas system. In this model description, uppercase letters represent pa-
rameters, while lowercase letters represent continuous and positive variables (except
where explicitly indicated otherwise).

5.3.1. Purchasing at gas spot markets

Geographically speaking, a balancing zone is a regional fragmentation that embeds a set
of transmission and distribution networks, in which network costs are shared among us-
ers and network congestions are negligible; therefore, there is a unique zonal gas price.
Balancing zones include entry points, that is, pipelines from LNG regasification terminals,
gas wellheads or neighboring balancing zones; and exit points, that is, pipelines to con-
sumers and neighboring balancing zones. An underground storage is another entry-exit
point embedded in balancing zones. For further details on balancing zones, the reader is
referred to Chapter 2 (pp. 21-23, 36-39).

" For the sake of clarity, hydro power plants are omitted because our intention is to analyze the behavior of
a generation company that owns GFPPs. More details on hydrothermal systems can be found in (Centeno et
al. 2007).

2 There may be other pipelines, but we focus on one specific pipeline.
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A zonal gas price results from buying and selling transactions among the companies that
participate in a gas market. The buying and selling transactions can take place over-the-
counter or in organized markets, that is, physical or virtual hubs. Physical hubs are usu-
ally established in gas facilities. On the other hand, virtual hubs are not linked to a specif-
ic facility. In this chapter, we opt for a virtual hub, from which a relationship between gas
prices and demands can be obtained (section 4.4.3, page 116). Let us consider that the
functional form of the marginal cost curve of gas c(v.«) for daily purchases v.4 can be

represented by an affine function with cost intercept ao, and cost slope a;:

C(Vzdk):ao +A1Vzak (5.1)

Naturally, consumers would like to acquire gas at its minimum cost, or, concisely, con-
sumers minimize expected acquisition costs:
I’I]in Z Wk ‘C(Vzdk)‘vzdk = z Wk '(ao +ay ‘Vzdk)‘Vzdk (5.2)
“k 7dk 7,0,k

The new parameter wy represents the scenario occurrence probability. Their sum over k
is equal to one.

Gas acquisitions are used for complying with a certain industry and households demand
quantity DY while GFPPs demand a variable and uncertain quantity d</":

Vi =y (Ao +D% ) Vz,e,d,k (5.3)

Although the gas spot market is liquid and large, and purchases are not limited, total gas
demand for consumers connected to pipeline j is constrained by pipeline capacity Q;:

> (dS+DIY )<Q; vz, jezd.k (5.4)

The objective function (5.2) subject to constraints (5.3)—(5.4) constitutes a QP problem,
i.e., a quadratic objective function with linear constraints that minimizes expected gas
acquisition costs considering the uncertainty of renewable energy sources.

5.3.2. Contracting pipeline capacity

Generally, the pipeline operator offers, either interruptible or firm, capacity contracts with
different time scopes. Accordingly, consumers can contract for capacity in the long term
hj (i.e., during several years); in the medium term hj, (i.e., during a month); and in the
short term hjq (i.e., during a day). The correspondence between time scopes and peri-
ods follows a standard that commonly takes place in reality. Standardized long-term con-
tracts expire several years later. Medium-term contracts usually expire the next month,
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and short-term capacity contracts the next day. In addition, we consider that long- and
medium- term contracts represent firm capacity commitments, while short-term contracts
represent non-firm capacity commitments because gas consumers are unaware that
enough free capacity will be available when the contracting time comes'. The immedi-
ate consequence is that short-term contracting decisions are different for each scenario k
and are subject to the uncertainty of renewable energy sources, while long- and medium-

term contracting decisions are common for every scenario.

Capacity prices vary with the time scope. In addition, we assume that it is less expensive
to contract for capacity in the long term CF;, than in the medium term CF,, and that it is
less expensive to contract for capacity in the medium term than in the short term CFj.
This assumption aligns with the pipeline operator’s anticipation of income and reduction
of risk due to idle pipeline capacity. Furthermore, the pipeline operator may apply a vari-
able tariff CV; to gas flows.

Gas consumers (connected to the same pipeline) minimize resulting costs from contract-
ing for firm and non-firm capacity:
min | CF i+, (Chinien)+ Y, , 0 CFia-hia +CVia- Y., (a7 +D2) ]| (5.5)

S -
e
h jedk ,dZGeZiP I

Daily, each gas consumer holds a portfolio the« of long-, medium-, and short-term ca-
pacity contracts:

thjedk zhje +hjem +hjedk +Ahjedk _thedk Vj,e,m/dem,d,k (56)

Contract portfolios include acquisitions Ahjq and releases Vhjq that take place in sec-
ondary markets, in which unused capacity is negotiated:

ZeAhjedk ZZthjedk Vj,d,k (57)

It seems reasonable to think that a gas consumer will not contract for short-term capacity
to subsequently release it in secondary capacity markets. For this reason, we limit re-
leases to the portion of contract portfolios that consists of long- and medium-term capaci-
ty contracts:

thedk Shje +hjem vj,e,m/dEm,d,k (58)

* We are assuming risk-neutral agents in perfectly competitive gas and electricity markets. Interruptible
contracts would require at least including risk-averse uninformed agents.



Intertwined Energy Markets under Uncertainty: Decision Making in Gas and Electricity Markets 133

Similar to gas demand that is constrained by pipeline capacity (5.4), total consumers’
capacity portfolios are also restricted by maximum pipeline capacity Q;:

D thea<Q Vj,d.k (5.9)

If a consumer has contracted for enough capacity, the operator will let gas flow through
the pipeline:

dSP + DN <thea Vz,jez,€,d,k (5.10)

zed —

The objective function (5.5) subject to constraints (5.6)—(5.10) constitutes a LP problem
that allows gas consumers to optimize, by minimizing total costs, their capacity contract
portfolio under uncertainty. It is noteworthy that there is one common long-term and me-
dium-term contracting decision for all scenarios as firm capacity contracts may be for-
malized well before (up to several years before) the time of operating GFPPs that is,

nonetheless, subject to the uncertainty of renewable energy sources.

Price,
Qil
OCGTi
Coal! '
Market CCGT
price o o
Nuclear

'Quantity

Figure 5-3 — Day-ahead electricity market with inelastic demand

5.3.3. Operating in electricity markets

Liberalized electricity markets commonly rely on day-ahead markets that determine for
the most part the generation unit dispatch and the electricity price of the next 24 hours™.
In the day-ahead market, the unit dispatch and the price are obtained after matching the
generation unit offers and the consumers’ bids. One of the main consequences of elec-
tric power system gasification is the dependence of electricity prices on gas costs be-
cause the price is equal to the offer of the last dispatched unit. The market clearing pro-

cess for different scenarios is shown in Figure 5-3. Moreover, in high demand scenarios,

" There are other subsequent markets (intraday and balancing, mainly) that only refine the dispatch and the
price as a lower number of transactions are normally traded in these markets.
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if generation companies have not accurately predicted pipeline capacity requirements or
gas purchases, the power system may face non-supplied energy situations. Examining
how generation companies operate in gas systems is, therefore, economically and tech-
nically justified.

Before describing the electricity market model, let us focus on electricity demand. De-
mand and supply must be balanced instantaneously because electricity in most power
systems cannot be stored at competitive costs. Modeling power systems with such a
level of temporal detail would be intractable. For instance, system and/or market opera-
tors that utilize algorithms to determine the optimal dispatch “group these instants” into
hours (Boiteux, 1960). But even modeling each hour in the long or medium term is trou-
blesome. For this reason, traditionally, a load duration curve has been constructed and
some load levels (e.g., peak and off-peak, working and non-working days) that were able
to capture the behavior of hydrothermal systems with no penetration of renewable ener-
gy sources'®, in exchange for losing the chronology, have been established. Recently, to
accommodate renewable energy deployment, a net load duration curve (demand minus
renewable power generation) is sometimes used to define load levels. The main disad-
vantage of using this procedure to define load levels is that off-peak load levels will com-
bine hours of high demand and high wind conditions with (significantly different) hours of
low demand and low wind conditions'®. Moreover, maintaining hourly chronology leads
to a more realistic representation of demand because renewable energy intermittency
can heavily influence the operation of power plants (in contrast to the calm operation of
old times). For these reasons, we define load levels using “system states,” which is an-
other contribution of this thesis.

A system state is a predefined set of circumstances that occur simultaneously and fre-
quently in a power system during an analyzed period of time (a week, a month, a year,
etc.); hence, each hour is linked to a state with the advantage of maintaining the chro-
nology because transitions between states, i.e., transitions between hours'’, are known.
The methodology to define the states is explained with the next example. Let us consider
a small isolated system with windmills, and one diesel fuel power plant. Weather condi-
tions will undoubtedly set electricity prices. Let us define four states as a combination of

'® Traditional power system operation was characterized by rigid structures: nuclear power plants were pro-
ducing always; coal power plants shut down the weekends if demand was too low; hydro power plants
shaved the peaks; and gas and/or oil power plants adapted to the residual demand due to their flexibility.

"% In this example, spinning reserves are critical in high demand scenarios to answer to a sudden decrease
of wind generation; not so, in low demand scenarios.

' Two consecutive hours (a and b) that belong respectively to two different states (/; and /y) increase in one
unit the number of transitions between states /, and /,. At the end of the count, the number of consecutive
hours that are allocated to different states is equal to the number of transitions between the states.
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two events: high and low demand; high and low wind conditions. We now construct a
scatter plot with the hourly demand in the X-axis and the hourly wind power generation in
the Y-axis and then apply a clustering technique to obtain four representative points out
of the whole sample (Figure 5-4). Each hour will be linked to a representative point, i.e.,
a state, which does not necessarily correspond to a real hour. Furthermore, the transi-
tions between states will be equal to the number of transitions between hours; hence, the
chronology is maintained thanks to the transition matrix. The four states are |; (low de-
mand, high wind); I, (high demand, high wind); I3 (low demand, low wind); and |, (high
demand, low wind). When other parameters have also influence on electric power mar-
ket results, new dimensions corresponding to each new parameter can be added to the
scatter plot.

Wmd“ Transition
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Figure 5-4 — lllustrative example of system states definition

Returning to the model description, we can define several system states, /=1,2,...,.L. As a
consequence, each day is made up of different states, and the duration of each state in
hours within a day d is known T/ . As previously mentioned, load levels are defined for a
period of time (hereinafter, a month). The chronology is maintained because the number

of transitions between two states / and /” within a month m is known NZ¥.

We have defined the net electricity demand D2'F in each load level within a month as

the difference between the electricity demand and the renewable power generation. As a
result, there is a net demand curve as well as different system state durations and transi-
tion matrices for each renewable power generation scenario. Generation companies that
own thermal power plants produce electric power qgmi to cover the monthly net electricity
demand:

Do =2 Qamec  YMLK < A (5.11)
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One advantage of using QP and LP problems is the possibility of obtaining dual variables
of technical constraints whose economic interpretation is usually of interest. For exam-
ple, the dual variable of (5.11) provides monthly electricity prices p5/* in each load level

after an easy calculation p2VF = A / > yom Tk -

The generated quantity is limited by a maximum power level Q)% , a technical minimum

level QY™ , and a binary decision variable Uy that reveals if the group is committed:

Qomi QY Ugmi Vg, m, 1,k (5.12)
Qomi = QY™ -Ugmi Vg, m, 1,k (5.13)

Nonetheless, group commitments actually depend on start-up and shut-down decisions.
If a group starts up between states / and I’ (obviously, it was not committed in state /), it
will be committed during state /’. In contrast, a group will not be committed if it was com-
mitted in state / and shuts down between states / and /. Last, if a group does not start up
or shut down between states / and /', it remains in its current commitment mode during
both states / and /’. Other combinations do not apply (Table 5-1).

Commitment Start-up Shut-down Commitment
I > > I
0 1 0 1
1 0 1 0
0 0 0 0
1 0 0 1

Table 5-1 — Unit commitment, start-up and shut-down decisions

Constraint (5.14), which includes start-up u,,,, and shut-down decisions v, , describes

these processes:

Ugmik —Ugmi'k =Ug,',3,,,rk—ug,,'¥,,rk Vg,m,/,l’,k (514)

Note that start-up and shut-down decision variables need not be binary, but only bound-
ed between zero and one, because their value is automatically determined by the binary

commitment decisions.

Generation companies within perfectly competitive markets minimize the operating costs
of their thermal power plants. The main costs of thermal groups can be summarized in
variable costs CV, (related to generation), fixed costs CF, (related to commitment), start-
up costs C§”, and shut-down costs CJ":

mn > [Z o Tl (C Vg Qamic+CFyUgmic )+, NI (C&P -l +C8" -ug’,,’\,’,,k)] (5.15)

Qgmik Ugmik
yUP " DN g.mlk
gmil'k *“'gmil'k
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The objective function includes the weight of each scenario wy as it makes no sense to
define a common decision for all scenarios, but for each scenario, because power plants
operation is a short-term decision. In addition, observe that start-up and shut-down deci-
sions are multiplied by the number of transitions between states to internalize properly
these costs. GFPP variable costs connected to a zonal spot market are already consid-
ered in (5.2) and, hence, CV,=0.

The objective function (5.15) subject to constraints (5.11)—(5.14) constitutes a MIP prob-
lem that allows generation companies to optimize their electric power generation deci-
sions under the uncertainty of renewable energy sources.

5.3.4. Coupling gas and electricity markets

So far, we have broken down a model that optimizes gas purchases and gas pipeline
capacity contracting by gas consumers, and power plants operation by generation com-
panies under uncertainty. At this point, we gather the previous objective functions and
constraints in the following unique model, in which we minimize costs of gas purchases,

capacity contracts and electricity generation:

min (5.2)+(5.5)+(5.15) — Gas purchases + Capacity contracts + Power production
st |(5.3)...(5.4) — Gas spot market

(5.6)...(5.10) — Gas pipeline

(5.11)...(5.14) — Power market

However, a constraint that links GFPP production to gas operation has not been estab-
lished yet. In detail, GFPPs that are connected to the analyzed pipeline consume a daily
quantity of gas which depends on their gas-to-power conversion factor FZ~". GFPP daily
consumptions d277°, which are connected to the same pipeline and belong to the same
generation company, links electric power market decisions to gas system decisions:

AT = oy P TS G V2,0, (mfdem), k (5.16)

After incorporating this last constraint, we obtain the final MIQP model:

min (5.2)+(5.5)+(5.15)

st. |(5.3)...(5.4)
(5.6)...(5.9)
(5.11)...(5.14)
(5.16)
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5.4. Description of a realistic system

Our objective is to analyze the behavior of a generation company that only owns GFPPs.
Therefore, the generation company must coordinate its purchases in the gas spot market
with its pipeline capacity contract portfolio. Simultaneously, this company must compete
in the electricity market with other power producers. We do not intend to represent an
actual system, but a system that reproduces actual operation conditions. Let us go back
to Figure 5-2. Our system consists of a gas spot market, a shared gas pipeline and an
electricity market. In the following, we describe the chain elements from gas acquisitions
to electricity generation. Capacities, prices, etc. are inspired by real systems, but do not
represent a specific system. The time scope is one year.

The gas spot market is characterized by a price-quantity curve. The minimum daily price
is 12 €/ MWh-t'®. The slope of the price-quantity curve is 0.05 (€/MWh-t)/GWh-t. In addi-
tion, the gas spot market establishes gas system prices for GFPPs that are not connect-
ed to the shared pipeline. As a simplifying assumption, we consider neither the contract-
ing nor the operation of other pipelines whose reference price is determined by the gas
spot market.

85
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Figure 5-5 — Daily gas households demand

Gas pipeline capacity amounts to 85 GWh-t/day. The pipeline supplies a city. Of im-
portance, during times of congestion, the city’s gas demand takes priority over other
demand'®. The demand curve (Figure 5-5) reflects two relevant cold snaps that reduce
free gas pipeline capacity up to 9.7% to other consumers, such as the GFPPs that are
connected to the same gas pipeline. In fact, the generation company owns four GFPPs
that are connected to this shared gas pipeline: CCGT1, CCGT2, OCGT1 and OCGT2
shown in Table 5-3 and Table 5-4. One of the basic concerns about gas-power systems

that we have tried to represent with this system is how scarce capacity affects the con-

'8t indicates units of thermal energy. Later, -’ is used for units of electric energy.

19 Maybe placing the conventional demand at the highest position of the priority rank, even above any capac-
ity contract, is simplistic; or maybe not, because households are often the last consumers to be interrupted in
case of scarcity.
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tracting and operation of a generation company. At most, free pipeline capacity after
supplying the city allows the generation company to use its four GFPPs at full capacity
during 184 days, or its two CCGTs during 325 days and its two OCGTs during 349 days
(each at full capacity).

Medium-term Short-term
Months contract factor contract factor
(Monthly) (Daily)
Jan-Mar 2 0.20
Apr-Sep 1 0.05
Oct-Dec 2 0.20

Table 5-2 — Medium- and short-term contract extra-costs

Similar to Chapter 2, the long-term capacity contract price is 26,415 €/(GWh-t/day). The
generation company pays monthly for the corresponding pipeline capacity during the
years that the long-term contract is active, instead of paying for the capacity in all at
once, in accordance with some regulatory frameworks. Medium- and short-term contract
prices are obtained after multiplying long-term prices by a monthly factor (Table 5-2). As
cold months are strongly penalized, the company has an incentive to contract properly
during high demand months for gas facilities. For instance, the short-term capacity costs
incurred over 10 days are enough to secure capacity for a cold month via a medium-term
contract (the same is true for short-term capacity costs incurred over 20 days for a warm
month). Last, a tariff is applied to gas flowing through the pipeline equal to 567 €/GWh-t.

Th | Maximum Technical Gas-to-power
efima power minimum factor
groups
(MW-e) (MW-e) (MW-t / MW-e)
CCGT1-4 400 200 1.7
Coal1-2 600 300 -
OCGT1-4 200 0 25
Oil 600 100 =

Table 5-3 — Technical characteristic of the thermal groups

Thermal Variable cost Comcn;ist:nent Start-up cost =l uctéi?wn
group (€ / MWh-e) €/h) (€) €
CCGT1-4 - 650 50,000 3,000
Coal1-2 35 900 100,000 7,000
OCGT1-4 - 1,000 10,000 1,000
Oil 70 1,200 30,000 2,000

Table 5-4 — Costs of the thermal power plants
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The power system consists of gas (CCGT and OCGT), coal and oil power plants whose
technical characteristics and operation costs are shown in Table 5-3 and Table 5-4, re-
spectively. GFPP variable costs result from the gas spot market.

Thermal power plants and wind power generation satisfy the inelastic electricity demand
(Figure 5-7). Mean electricity power demand is 2.7 GW-e, while mean wind power sce-
narios range from 0.2 to 0.8 GW-e (in detail, 9%, 18%, 20%, 23%, and 29% wind pene-
tration). Each scenario probability is 0.05, 0.25, 0.4, 0.25 and 0.05, respectively. Given
that we consider a wind profile that differs for each scenario, we have five net electricity
demand curves with their corresponding state transition matrices and state durations. As
an illustrative example, we reproduce a net electricity demand in Figure 5-6 and a transi-
tion matrix in Table 5-5. System states have been determined with the MATLAB® clus-
tering function k-means. There is one remarkable fact: the matrix is not symmetric; there-
fore, transitions between consecutive load levels need not be transitions between con-
secutive hours. Notice that the number of transitions is equal to the number of hours?.
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Figure 5-6 — Monthly net electricity demand by load level in MW-e

State 1 State 2 State 3 State 4 State 5 State 6 State 7

State 2
State 3

State 4
State 5
State 6
State 7

Table 5-5 — System state transitions during a month (January, central scenario)

0 Actually, it is equal to the number of hours minus one because there are N-1 transitions between N hours
during a predetermined period of time.
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Figure 5-7 — Inelastic electricity demand and wind power generation scenarios in Mw-e?'

5.5.  Market results after coordinated operation

The model has been formulated in GAMS and solved by using CPLEX 12 on an Intel®
Core™ i7 at 3.40GHz with 16GB RAM. The computational time to solve the case study
(47,842 variables, 5,040 integer variables, and 63,419 equations) was about 10 minutes,
using 6 threads. One of the first results that can be observed from the stochastic solution
is the strong relationship between expected gas and electricity prices (Figure 5-8). How-

2 Figure 5-6 reproduces both demand and wind scenarios to illustrate its variability. Although, we do not
intend to represent an actual system, we have utilized a real, although scaled, hourly demand curve (from
Portugal during 2012) and five real hourly wind profiles (obtained between 2008-2012)
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ever, the electricity price behavior is not only a consequence of gas price evolution; price
spikes, which are particularly noticeable during both cold snaps, seem to be more related
to the scarce pipeline capacity than to gas price increments.
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Figure 5-8 — Electricity and gas prices vs. free pipeline capacity

The generation mix also confirms the relevance of gas technologies to respond to wind
variations (Figure 5-9). Coal power plants almost operate as baseload plants due to their
reduced flexibility, which is reflected in higher start-up and shut-down costs with respect
to other thermal power plants. In contrast, CCGTs deal with demand variations most of
the analyzed period. For instance, CCGTs decrease their production from 29.9 GWh-e to
20.5 GWh-e at the beginning of May, while they increase their production from 16.8
GWh-e to 27.5 GWh-e in mid March, in one day. OCGTs and oil power plants are used
for satisfying demand spikes due to their flexibility. The latter power plants are especially
relevant when pipeline capacity is scarce and GFPPs cannot be supplied.

Regarding each technology share in the power generation mix, gas accounts for 54% of
thermal generation, while coal accounts for 45%. In contrast, a meager 1% of thermal
power generation corresponds to oil power plants, although they are essential to prevent
non-supplied energy. The case study could be a mirror of an actual system that is transit-
ing from a coal-based production to a gas-based production with renewable energy
sources. Notice that hydro power plants, which often play a relevant role in power sys-
tems, have not been considered in this chapter. Moreover, wind power generation covers
approximately 20% of demand. Actually, we present the residual demand in Figure 5-9;
that is, the total demand net of renewable power generation.

75
50
25
0
& & @'D‘ & be* SO ?90) R & %é &

| BCoal BCCGT BOCGT BOil |

Figure 5-9 — Daily thermal generation mix in GWh-e
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The main objective of this chapter is to analyze the pipeline capacity contracting behav-
ior of a generation company under uncertainty and that shares the pipeline with other
consumers. Let us observe Figure 5-10, where the contract portfolio is shown. At first
sight, we can observe that the generation company contracts for capacity over expected
gas flow (in white) as a consequence of wind power generation uncertainty. The mean
margin between expected gas flow and contracted capacity is near 15%, being 250 days
above 5%. Long-term capacity equals 26.14 GWh-t. Gas releases take place during cold
months, when the city demand needs and obtains capacity because of its priority. In con-
trast, gas acquisitions take place during warm months, when the city does not require its
gas pipeline capacity. Medium- and short-term capacity contracts are almost residual.
The effect of uncertainty can be also observed in Figure 5-11, which contains the ex-
pected contract portfolio and the gas flows for each scenario.
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Figure 5-10 — Capacity contract portfolio of the generation company with secondary market
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Figure 5-11 — Expected contract portfolio and gas flows

The second very relevant result is the amount of releases and acquisitions, which under-
lines the importance of secondary markets. In detail, the generation company and the
city exchange 2.54 TWh-t, which means that 8.2% of pipeline capacity is traded daily. To
examine the importance of secondary markets, we conduct a sensitivity analysis by clos-
ing the secondary market to impede acquisitions and releases of capacity. Results show
that the generation company increases medium-term capacity contracts, which are twice
as expensive as long-term contracts during cold months, in exchange for reducing long-
term capacity contracts (Figure 5-12). Supposedly, the generation company should con-
tract for more long-term capacity to compensate the additional costs of contracting for
medium-term capacity; however, the lack of free capacity during February makes even
more expensive the capacity contract portfolio since more long-term capacity is not
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available. The immediate consequence is a deterioration of the company’s merit order
position and a production decrease from 5.0 to 3.6 TWh-e. From the point of view of the
system, total costs increase from 884.4 to 888.9 million euro. Furthermore, electricity
system stability may be compromised because the margin between the expected gas
flow and the contracted capacity is reduced to 8%. Additionally, closing the secondary
market reduces the number of days that the margin exceeds 5% to 163 days.
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Figure 5-12 — Capacity contract portfolio of the generation company without secondary market

5.6. Brief summary of contributions

After a detailed discussion on the downstream natural gas market in previous chapters,
we have addressed (partially) for the first time in this thesis an intertwined energy system
consisting of two energy products: gas and electricity. The link between both systems is
the GFPP that, in the context of liberalized markets, is operated by a generation compa-
ny that is in charge of acquiring gas, contracting for pipeline capacity and submitting pro-
duction offers to an electricity market under the uncertainty of renewable energy sources.
With the objective of supporting and analyzing the decision-making process of such gen-
eration company, we have developed a novel model that optimizes simultaneously the
following:

e The gas purchases in a zonal spot market under the uncertainty of renewable
energy sources. Although the zonal hub provides a price-quantity function, the
whole gas system model, as well as other types of hub, could be employed after
a small adaptation. Therefore, we could also optimize the operation and contract-
ing in gas systems and the management of supply contracts.

e The portfolio of pipeline capacity contracts subject to the uncertainty of renewable
energy sources.

o The operation of thermal power plants in the electricity market framework under
the uncertainty of renewable energy sources. In addition, we have established a
different method to define load levels, named system states, which consider the
intermittency of renewable energy sources and allows internalizing the real start-

up and shut-down costs.
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Furthermore, we have shown, as well as quantified, the importance of liquid and compet-
itive secondary capacity markets, in which the consumers can release their unused ca-
pacity and other consumers can acquire and benefit from the released capacity; benefits
that also have a positive effect on the whole system.

5.7. Brief summary of future developments

As a research guideline that begins during the early 2000s, there is still much work to do.
Regarding what has been addressed in this chapter, we can give some indications for
future developments in each one of the sub-models previously mentioned:

o The gas spot market is a strong simplification of the whole gas system that may
cause the loss of relevant operation, contracting and supply details. One of the
best options would be incorporating the gas-electricity model (section 5.3.4) into
the complete gas system model (Chapter 2 and Chapter 3). However, this solu-
tion can result in an intractable model. Another option would be communicating
both models precisely through the price-quantity curve of the zonal hub (Chapter
4).

o For the sake of clarity, we have only considered two gas consumers connected to
the same pipeline; otherwise, we have not been able to draw the previous con-
clusions as results would have been indistinguishable. Nonetheless, several gas
consumers are connected to gas pipelines, as well as several gas pipelines share
the same price. Both the number of gas consumers and pipelines should be in-
creased. Furthermore, gas consumers are risk-averse agents that may (or may
not) contract for capacity in advance depending on how much costs involve being
interrupted, which leads to another relevant topic: the priority access scheme. In
short, more gas consumers, more pipelines, risk-averse agents and a priority ac-
cess scheme are some future developments of interest for a better understanding
of pipeline capacity contracting and its interaction with electricity markets.

o The representation of the electricity market does not include hydro and pumping
power plants, which are also relevant facilities to support the integration of re-
newable energy sources. With respect to the market structure, the joint operation
in gas and electricity systems is the breeding ground to achieve significant syner-
gies, but also to the exercise of market power. For instance, a generation com-
pany can hoard pipeline capacity by not participating in secondary capacity mar-
kets, and expel another company from the electricity market. We do believe that
modeling imperfectly competitive markets is of great interest as anticompetitive
behaviors may condition the proper performance of gas-electricity systems.
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At last, uncertainty is not only a consequence of renewable power production. Demand,

fuel prices, hydro conditions, pollutant (CO,, NOx or SO,) prices, or forced outage rates

are also sources of uncertainty. Despite extending the number of stochastic variables is

a possibility, large models may become extremely difficult to solve. Another possibility is

implementing smart Monte Carlo simulation techniques (Duefias et al. 2011).
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6.1. Thesis summary

Throughout the thesis, we have provided a comprehensive view of the downstream gas
system and, in particular, of entry-exit systems, which are currently being implemented in
Europe. However, its extension to the other widely utilized access system, i.e., the point-
to-point system (e.g. in the U.S.), requires minor changes. In fact, it suffices to define a
balancing zone which contains each continuous section (up to a diversion or compressor
station) of a transmission pipeline (Figure 6-1), and, in addition, impose that both entry
and exit contracted capacities are equal in each point-to-point balancing zone.

== Transmission pipeline

—— Distribution pipeline

Figure 6-1 — Entry-exit model extension to point-to-point access system

In addition, we have focused on analyzing the behavior of a key player, which is involved
in almost every business activity: the shipper, which simultaneously acts as a purchaser,
a supplier and a third party in the context of liberalized gas markets. Moreover, the ship-
per also interacts with other shippers. All these business relations determine the market
results. In order to capture the market performance properly, we have proposed a fun-
damental model and, in particular, a mixed-integer programming (MIP) model:

e In Chapter 2, we have characterized the shippers’ behavior when they must con-
tract for capacity to utilize the gas facilities: regasification terminals, underground
storages, cross-border pipelines, and balancing zones (which actually embed the
transmission and distribution networks). Capacity contracting possibilities include
long- (some years), medium- (month to month) and short-term (day to day) con-
tracts; therefore, we have developed a model that optimizes the contract portfoli-
os subject to the operation decisions. Besides, we have incorporated secondary
capacity markets in which the shippers can release their unused capacity, which
is acquired by other shippers.

Thanks to the developed model, we have observed the typical patterns of utiliza-
tion and contracting of each infrastructure. Regasification terminals are contract-
ed in the long term as they are typically utilized in a baseload mode. If a shipper
requires daily peak capacity, this is covered with purchases at secondary capaci-
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ty markets. When the underground storages are operated according to injection-
withdrawal cycles, the shippers mainly contract for long-term capacity and modu-
late with medium- and short-term capacity, but do not use secondary markets as
they all are willing to purchase or sell at the same time. In contrast, when the un-
derground storages are not subject to injection-withdrawal cycles, the secondary
capacity markets are really active. Furthermore, the pipeline capacity contract
portfolios do not follow a predetermined pattern, except when the shippers supply
the conventional demand due to its predictability.
Finally, we have also modeled OTC markets, in which a large number of transac-
tions take place, especially, in line-pack capacity and LNG tanks.

¢ In Chapter 3, we have moved one step upwards in the natural gas chain in order
to examine the influence of long-term gas supply contracts, which are agreed on
between producers and shippers, on market prices. After describing the funda-
mentals of the supply contracts, the model has been extended with the aim of op-
timizing their management. As we are considering open gas markets within a
globalizing market, international trade has also been included and, particularly,
overseas trade which basically happens thanks to the development of LNG tech-
nology.
With the incorporation of LNG carriers to the MIP model, we detected that the ex-
ecution time dreadfully incremented. Therefore, we have proposed an approach,
which reduces the execution time by 98% by taking advantage of the gas market
characteristics.
Regarding the results, we have observed how supply contracts should be man-
aged, as well as the shippers’ willingness to renegotiate some contract terms and
conditions. Moreover, we have also appreciated the relevance of the LNG carrier
movements, when they are either diverted or loaded at domestic LNG terminals.

¢ In Chapter 4, we have applied the previously developed model to a real system,
the Iberian gas system, in order to examine the market performance after the in-
corporation of a virtual hub; i.e., of an organized market into an entry-exit system
framework. We have evaluated, by using the proposed indicators of the European
Gas Target Model which seeks the constitution of the internal gas market, differ-
ent alternatives: from not establishing a hub, that is, the current situation, to es-
tablishing a single virtual hub. In addition, we have analyzed the shippers’ behav-
ior by exploring other specific market results, such as prices, market shares, or
profits. Finally, the single virtual hub has allowed us to obtain a price-supply curve
of a real system.

After this thorough analysis of the downstream gas system, we have shed light on a topic
that is nowadays not only of interest, but also of concern to regulatory authorities: the
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integration between the gas and electric power systems. Recently, natural gas has been
acquiring importance as input fuel for electricity generation due to the development of the
combined-cycle gas turbine technology which has proven to be cleaner, in comparison to
other fossil fuels (oil, coal, etc.), and as a flexible technology to support the integration of
intermittent and uncertain renewable energy sources. As a matter of fact, we have exam-
ined the required coordination between long-term decisions, which usually occur in the
gas system because capacity has to be contracted well in advance, and short-term deci-
sions, which mainly take place in electric power systems as a consequence of renewable

power generation uncertainty.

6.2. Original contributions

In this section, we now gather and highlight the original contributions of this dissertation.
For the sake of clarity, we have classified them into two main groups: modeling contribu-
tions and regulatory recommendations.

6.2.1. Modeling contributions

The complete entry-exit market model is certainly one of the main original contributions
of this thesis. We have extended the current literature in many aspects, as mentioned in
section 1.3 (pp. 9-12). First of all, we have improved the representation of the infrastruc-
ture operation by providing a daily detail to the operation decisions. Moreover, we have
included capacity contracting decisions with different time scopes, as it habitually occurs
in actual downstream gas systems, and established secondary capacity markets where
shippers can trade with unused capacity. In the second place, we have integrated long-
term supply contracts (after explaining their main characteristics) into the model in order
to better capture shippers’ behavior in downstream gas systems because long-term sup-
ply contracts mostly determine the market results in several places. Third, LNG carriers
have been modeled carefully as the recent developments on LNG technology are boost-
ing overseas LNG commercial transactions, which allow shippers to profit from arbitrage
opportunities between distant markets. At last, we have incorporated an organized mar-
ket. As we have not altered the two main sources of rigidity (i.e., captive consumers and
long-term supply contracts) the organized market internalizes them.

The developed model can equally be utilized by shippers, regulatory authorities and gas
facility operators, that is, the main stakeholders of downstream gas systems:

¢ The model provides interesting information to shippers, which can simultaneously
optimize their capacity contract portfolio and operate efficiently in different facili-
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ties. Furthermore, they can also optimize the management of their long-term sup-
ply gas contracts and obtain useful information on the economic value of contract
conditions in order to renegotiate them, and thanks to the modeling of LNG carri-
ers, shippers can profit from price opportunities in distant markets either by divert-
ing gas from their supply contracts or loading LNG carriers at the domestic regas-
ification terminals.

e The model allows regulatory authorities to monitor the market performance, e.g.,
evaluating the degree of competition of the domestic market by comparing prices
at international markets; detect and/or prevent market power abuses; and, in the
end, propose and implement new regulatory measures to promote competition, to
improve security of supply, and to guarantee system sustainability.

¢ The model also supports operators by forecasting the utilizations of their gas fa-
cilities, in order to prevent emergency operation conditions. In addition, they can,
at least, anticipate future capacity expansions.

Moreover, the incorporation of an organized market provides both shippers and regulato-
ry authorities with a price-supply curve which can be used for defining market strategies
(shippers) or coping with anticompetitive behavior (regulatory authorities).

The model is formulated as a mixed integer programming (MIP) problem, in which the
integer variables represent the LNG carrier arrivals and departures. The model assures a
global and unique solution with a relatively low computational effort compared to the lev-
el of detail and quantity of results that can be obtained. However, we believe that models
should satisfy not only academic purposes, but also industry objectives. Hence, we have
proposed a new methodology that speeds up the computational time (98% reduction of
time) and maintains the accuracy of model results (about 1% error). The success of this
approach is based on making the most of gas market features, such as capacity and
supply contract characteristics.

The last modeling contribution is related to the interaction between gas and electric pow-
er systems. As the link between both systems is the gas-fired power plant, we have de-
veloped a new model which simultaneously optimizes the gas purchases, the pipeline
capacity contracting portfolio and the submitted production offers of a gas-fired power
plant in a competitive environment. In addition, we have introduced renewable energy
sources, subject to uncertainty, and made use of a novel methodology to better capture
the power plants operation under intermittent conditions: the so-called system states.
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6.2.2. Regulatory studies

It has been shown that we have developed a model in this thesis, which can be used to
address a number of questions of regulatory interest. Typically, regulatory decisions en-
tail a balance among different effects. Therefore, a careful quantification of both the cur-
rent ex-ante regulatory status and the likely ex-post status is often required. In this spirit,
a number of regulatory reforms stemming from discussions regarding the fulfillment of
the Single European Gas Market goals (sustainability, competition and security of sup-
ply) in the context of entry-exit access systems have been analyzed. Our results quantify
and lend support to a number of recommendations, and specifically:

¢ When balancing zones are defined, they must respond to chronic bottlenecks in
gas transmission networks in order to proportionate proper locational signals.

e The pancaking effect is not economically justified in liberalized gas markets, as it
only increases gas prices without economic foundations. Besides, it discourages
market integration.

e Liquid and competitive secondary capacity markets are essential for a correct
performance of downstream gas systems because capacity transactions lead to
efficient utilizations and a decrease of utilization costs. Moreover, the secondary
capacity markets benefit other intertwined energy systems, such as the electric
power system.

e A single virtual hub, which reduces the transaction costs and provides transpar-
ent prices, fosters the competition as it alleviates the barriers to entry.

However, we have also observed that capacity markets and virtual hubs themselves are
not a solution in order to promote competitive downstream gas markets, as the market
structure conditions their performance. Downstream gas markets, at least, in the Euro-
pean framework tend to be concentrated in one or two companies. Therefore, anticom-
petitive behavior, such as exercise of market power or capacity hoarding, may take place
in any case. A meticulous market monitoring by regulatory authorities may work. Never-
theless, perfectly competitive markets require a set of assumptions: free concurrency, a
large number of sellers and purchasers, and elastic demand; which cannot be attained
by market monitoring.

6.3. Future research guidelines

As when one door shuts, another opens, this thesis has not only provided some remark-
able conclusions, but also left interesting open questions that can be addressed in future
work. Although we have enumerated future research guidelines at the end of each chap-
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ter, we now classify them into four main groups: market operation details, market behav-
ior, long-term vs. short-term decisions, and gas-electricity interaction.

Market operation details involve two main topics:

o Demand representation. Although the demand for energy products is usually ra-
ther inelastic, it is not totally inelastic. In gas markets we could consider two types
of demand elasticity: 1) price elasticity of demand, which measures the respon-
siveness of gas demand to a change in gas price; and 2) cross-price elasticity of
demand, which measures the responsiveness of gas demand to a change in a
substitute good price. We could also incorporate the effect of consumers’ switch-
ing behavior, including switching barriers.

e Supply contracts. When a contract is delivered by pipeline, there is commonly a
wellhead at the other end of the pipeline. Improved well performances are ob-
tained when gas is extracted constantly. Therefore, daily maximum volumes and
take-or-pay clauses are habitually imposed. Moreover, delivery prices are updat-
ed with indexed formulas, which could be included, as well as cargo freights and
other fees. Another interesting aspect of supply contracts has to do with flexible
clauses, which allow not complying with either maximum volumes (make-up gas)
or take-or-pay clauses (carry-forward gas). Finally, diverted volumes are actually
shipped by carriers, which could be modeled.

Anticompetitive market behavior has not been addressed in this thesis. In downstream
gas systems, there are two main types of anticompetitive behavior: exercise of market
power and market foreclosure. The former behavior could be represented through con-
jectural variations. However, market foreclosure defined as capacity hoarding by a domi-
nant company, which restricts newcomers’ third party access, is particularly difficult to
model. Furthermore, market foreclosure may also involve restricting access to a good, in
this case, gas. Bilateral contracts in which both parties, i.e., the supplier and the pur-
chaser, participate in the market could be incorporated and used for modeling unequal
power relationships. For example, the supplier might be tempted to hinder an optimal
exercise of the contracts by the purchaser in order to gain market share. At last, our or-
ganized markets have shown illiquid because, among other things, we have not consid-
ered market makers, or arbitrageurs. We do not affirm that market makers automatically
create liquidity, but they could at least be represented in order to observe whether both
liquidity and market efficiency improves.

Concerning the time scope, we have developed a model that is able to cope with long-,
medium- and short-term decisions. However, we could bring extra added value if we take
into account the following topics:
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Investment signals. As a matter of fact, when shippers contract for capacity in the
long term, but additional long-term capacity is not available, they are clearly
providing an investment signal to the gas facility operator, which can invest in
new capacity and simultaneously guarantee constant incomes in order to recover
the investment costs. Therefore, investment decisions, which would be appreci-
ated as well by the regulatory authorities to support their evaluation of different
regulations of energy policies, could be incorporated.

Uncertainty. Long- and short-term decisions are interrelated. For example, when
a shipper has not contracted for capacity in advance, it may be prevented from
operating if free or released capacity is unavailable. Short-term uncertainty due to
gas demand or price variations may modify long-term decisions. A probabilistic or
stochastic approach would allow us to include the uncertainty into the determinis-
tic model.

The interrelation between long- and short-term decisions leads us to another relevant

topic, such as risk aversion, which is also related to market behavior. Modeling risk-

averse agents would in addition allow us to define a priority access scheme and other

types of capacity contracts, such as interruptible contracts.

To conclude, our approach to examine the interaction between the gas and electric pow-

er systems has left some open questions:

Both electricity and gas market models are typically huge models, which cannot
be merged or integrated straightforwardly as the single model may be intractable.
In fact, we have simplified both models in Chapter 5. For example, we have rep-
resented the gas market by its equivalent price-quantity curve and omitted hydro
assets in the electricity market. Consequently, different methods for an efficient
communication between both models could be studied, as it would be worthwhile
for an energy company that holds interests in both gas and electric power mar-
kets and would like to achieve synergies from a joint operation.

Operating in both markets is the breeding ground to exercise input foreclosure, in
which, for example, a company that supplies gas to another company expels this
latter company from the electricity market by limiting its access to gas or capacity.
Therefore, besides anticompetitive intra-market behavior, the inter-market behav-
ior could be examined as well.

The importance of combined-cycle power plants to guarantee the power system
stability, under certain circumstances, brings up another question which is related
to the priority access scheme to obtain pipeline capacity. Households commonly
hold the highest priority, even above firm capacity contracts. Consequently, com-
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bined-cycle power plants may be subject to cut-offs in extreme cold weather con-
ditions, despite their importance for the power system if, for example, wind stops
blowing. Different priority access schemes, such as firm and interruptible capacity
contracts, should be examined.

Furthermore, besides renewable power production, the uncertainty in electric power sys-
tems can be due to electric power demand, fuel prices, hydro condition, or pollutant pric-
es, which could be incorporated to the model.
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