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1. INTRODUCTION

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



1. INTRODUCTION

PROJECT SCOPE

ANALYSIS OF THE EUROPEAN SUPPLY MEDIUM-TERM PERSPECTIVE
SECURITY OF ENERGY

i.e. analysis of the reaction of the energy

= Electricity systems within days to months
= Gas Includes, e.g.
= Qil = Qil crisis in the 1970’
= Russian-Ukrainian gas conflicts
WITH RESPECT TO POTENTIAL THREATS 2006/2009/present
= Societal (e.g. terroristic attacks) = German nuclear power phase-out 2011
= Economical (e.g. financial crisis) Does not include, e.g.
= Natural (e.g. landslide) » Lightning, causing a line outage

= Climate change
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1. INTRODUCTION

REQUIREMENTS & CHOICE OF MODEL TYPE

REQUIREMENTS CHOICE OF MODEL TYPE

Model should be able to represent Market equilibrium model

= Energy system reaction within days to = Allows for representation of the coupling
months to unexpected changes (threats) between energy prices and their

= Multiple interacting energy carriers production/consumption

= Energy carriers are coupled via their
relative prices and conversion factors

= Allows for comparison of counterfactual
situations (market equilibria before and
after the threat)

= Does not allow for analysis of transient
system behavior

Project decision: start with natural gas
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2. BACKGROUND ON NATURAL GAS MARKETS
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2. BACKGROUND ON NATURAL GAS MARKETS

GAS MARKET STRUCTURE

WORLD-WIDE

= Regional market segmentation as a
conseguence of capital-intensive
infrastructure and high transportation cost

= Development of infrastructure for liquefied
natural gas (LNG) shipping leads to
converging prices between regions

EUROPE

= Traditionally, gas has been traded based on
oil-indexed long-term (30y) contracts

= Since 1990s: liberalization and creation of a
single EU market

= |n 2012: 44% spot-priced volumes
(increasing)

SWITZERLAND

= No plans for liberalization, however:

= |arge consumers can choose their
supplier (since 1964)

= Swiss gas industry agreed on a common
tariff calculation method for 3rd party
access

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Tobias Baltensperger | 15 April 2014 | 7



2. BACKGROUND ON NATURAL GAS MARKETS

WORLD-WIDE PRODUCTION AND CONSUMPTION OF GAS

Production by region Consumption by region
Billion cubic metres Billion cubic metres

M Rest of World 3500 m Rest of World 3800
M Asia Pacific M Asia Pacific
M Europe & EBurasia

M Eurcpe & Eurasia

] Morth America [ Morth America

o7 12 a

Source: BP
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2. BACKGROUND ON NATURAL GAS MARKETS

WORLD-WIDE TRADE OF GAS

Major trade movements 2012
Trade flows worldwide (billion cubic metres)

us

Canada
[ Mexico
M S. & Cent. America
[ Europe & Eurasia

o Mlddle st =3 Pipeline gas
Africa
Asia Pacific — | NG Source: Includes data from Cedigaz, CISStat, GIIGNL, IHS CERA, Poten, Waterborne.
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2. BACKGROUND ON NATURAL GAS MARKETS

EUROPEAN GAS INFRASTRUCTURE
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2. BACKGROUND ON NATURAL GAS MARKETS

EU: CONSUMPTION, PRODUCTION AND IMPORTS
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Sweden

Russia
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Denmark
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MNetherla¥Wds
Belgium ./
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2. BACKGROUND ON NATURAL GAS MARKETS

SWITZERLAND: CONSUMPTION AND IMPORTS
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3. ENERGY MARKET MODEL
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3. ENERGY MARKET MODEL

MARKET REPRESENTATION
Each country / group of countries is - ™ - N
/ Node 1 A /- Node 2 N,
represented as a node / \ / \
o o / \ / )
Pipelines and LNG transportation is Producer /
represented as links between nodes
At each node, several economic actors \ /
exchange gas on several markets N Lgustiags 1N~ ey \
. . ¥ I
Producers, traders and service providers | J
optimize a quadratic objective function Trader P;pe" © = Trader
over the time period of one year NN F
P y \ N\ Seasonal | | | | Seasonal 4/ /
The traders are modelled to have «market \ | Storage || | | Storage
powery, i.e. they have knowledge about /
the consumer reaction to changes in supply *E y " - d"
n \ n
The consumers are divided into 3 sectors | consumer |/ \ | consumer |
(households & commercial consumers, \ / \ ) ’
industrial consumers and electricity \x_\___ P / N -
producers); each sector is modelled by an
affine inverse demand curve
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3. ENERGY MARKET MODEL

GRANULARITY AND COVERAGE
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3.

ENERGY MARKET MODEL

DETAILED MODEL SCHEME AND NOMENCLATURE

Legend

Economic acteurs
P: Producers
T: Traders

\ System Services
\ L: Liquefiers
Y R: Regasifiers

b S: Storage operators
\ C: Consumers

L A: Pipelines
\ Market prices
! T :Transfer price
! producer -> trader

w .
\ . :Wholesale price
trader -> consumer

|

i Conjestion fees

| " Storage injection

I o5 Storage extraction

| ™ Liquefaction
y o™ Regasification
y ™. Pipelines

/ Perfect competition

/ Cournot market power

Example of variable notation: salesz;;;f'

salesTC: type and direction of transaction,
T player type in action,

C: player type affected,
C, ¢» name of player,
»: name of node at which transaction takes place,
\\\\T///////dy: the season and year transaction takes place in.
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3. ENERGY MARKET MODEL

MODEL EQUATIONS: PRODUCERS

Producers’ Objective Function

max X;/ dZD daysg (F‘f(p)dy . Saleslf)’dy _ P(qalegpdy)) vp Income - Production cost
sal Spdy ye € )
Production upper bound
3. salespdy < PR (a,fdy) Vp.d.y, PP
Z Z daysg - salesfdy < PROD,| | (B})| Vp. Dual variables
(]CI llcU L. .
Qalegpdy > 0| Vp.d,y Non-negativity constraints

Producers’ KKT conditions

de,, (sales, ;. )

daysy (—Wf(p)dy = W) o dey + daysg - Blf) 8§ .Sa.le.sﬁdy >0 Vp.dy

o
IA

——P
0 < PR, - salespdy _Lapdy >0 Vpd,y .
0 < PROD,- Y Y daysg- ealespdy LB, 20 Vp
yeY deD
. . Allows for representation as
Production Cost Function oW P N
linear complementarity problem
(’5 (s(aljspdy)) = k—+—a ealespdy bP (saleepdy)Q
C sates d _ P P
dsales]:yy _ T 2b 9(ll€9pdy
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3. ENERGY MARKET MODEL

MODEL EQUATIONS: TRADERS

Traders’ Objective Function

max
sal es{njf

Z Z d(lyS'd

yeY deD

W(T) sC w ; g

Z (Otndy Hndy R30I Otndy) - T, dy Salestndy
~ —A<—F
nGN(t) L _Tr'ndn 5 I)u’, C’)I ndu

Sl.reg
- Z ((Tsdy cdy) ”Utndy + T - xtr tndy)
ne Q(l)
A,reg f
- ( nmdy £ Tnmdy) flOU tnmdy

(nom)e A(t)

2

L
(Tndy T 7-ndy

(nqn)ﬁ R(t)

L.,reg

TB
) i flowt,mn.dy

TA
floutnmdy

flou’tnmdy

B.reg
nmdy

3.

- (1 —lossk) flowl D 4

TS
“Ug_f‘s‘fy (n m)e B(t)
Tiry, g Rreg 7 B a8
pur cht}%P i Z ( mdy " dey ) (1 - 10'5'911 )(1 i lossnm)flou‘tnmdy
oty (n,m)eB(t) J
Inverse demand function
wA(T) C T—C
I,,, = INTS, —SLPS, > -sales!
teT(n)

Income - Purchasing cost

- Storage cost

- Pipeline transportation cost
Vit

- Liquefaction cost

- Shipping cost

- Regasification cost
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3. ENERGY MARKET MODEL

MODEL EQUATIONS: INVERSE DEMAND FUNCTION

o Inverse demand function
Wholesale price in node n,

W w(T) _ AT C v7 B ] T—C
season d, yeary: TU gy 4y ' = INTngy — SLPh, ) salesi,g,
teT (n)
A
W . T—C
sales,y, = > sales;, g,

WO WO
L INT = f(r""nay, sales ™ ray, Nin) teT(n)

SLP = f(r"°.q,, sales"nq, M)

WO

>

Wi . .
sales Ondy Consumption in node n,

season d, yeary: sales"”
Price sensitivity n,=-0.75 ... -0.25 yeary ndv
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3.

MODEL EQUATIONS: TRADERS

ENERGY MARKET MODEL

> (1 —lossin

meN (A(ﬂ))

pzudzmdp+ ) - ﬂoutmndy

floummdy >0 V{z‘ b(t)}.d,y
”Utdys>0 V{t;s(t)}.d,y
Ihtdys >0 V{t;s(t)},d,y

— Z (1 — lossk ) (1 —loqu )(l—loqe )floutmndy+ ihg;gys =
mENs(B(n))

sale.sg;jf — > flou,mmd - > flowIB tnmdy T mjg;;{ys (cbg;dy) Vn € N(t),d,y,
mEN_(A(n)) mEN (B(n))

q(!l(’eiﬂj’;’ > Ob[ 0blsay (e fn(ég) V{t:n(c)},d.y,

salesy E’C < TCS ity (amdy) V{t;n(c)},d,y,

pu;d';%:gf >0 V{t: n( (t)}.d,y. Mass balance

flc)arm,”,,,m!%Jr >0 VY{t;a(t)}.d,y Lower & upper bounds
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3. ENERGY MARKET MODEL

MODEL EQUATIONS: STORAGE OPERATORS

Storage Operators’ Objective Function

p . SX _
max > Y daysq - [de S(ll€Sde+7'de -salesyg] Vs

sdy
salessdy, yeY deD
salesssd)g
s.t. salesféy £ CAP (asséy) Vs.d,y
ealessdy < C’AP (a fd)é) Vs, d,y
Y daysg - salesS3% = WG C (aSSyW) Vs,y
deD

salegsdl >0 ¥Nsyd,

saleqsdy >0 Vs,dy
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3.

ENERGY MARKET MODEL

MODEL EQUATIONS: TRANSMISSION SYSTEM OPERATORS

TSO’s Objective Function

A —
> Tomdy qaleqnmdy
(n,m)eA
L
max Yo Y daysq + J;B Tndy ° galeqffuiy
salesﬁmdy, yeY deD neN;(B) R
salesndy, + Z Tndy ~ sale: q'ndy
salesty neN.(B) i
s.t. salesnmdy < C%‘any (aﬁmdy) V(n,m) € A,d,y,
CAP in L i
y ny , ’ AV, ,
.S(llE?-S’ndy S W (Qndy V??- € JT\‘S(B), d Yy,
i, in
CAP, R . N ‘
ealesndy < Tloaiwm (Apay) Vn € Ne(B).d, vy,
salesnmdy >0 V(n m) € A.d,y,

)
saleqndy >0 Vne Ng(B).,d,vy,
salesndy >0 Vné€ Ng(B).d,y
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3. ENERGY MARKET MODEL

MODEL EQUATIONS: MARKET CLEARING CONDITIONS

0 =

sales

pe;(n) (c.alec.pdy pur (hgz;)_)’fdy ndy(free) Vn € N(P),d,y
salesf 2. — > flowld a4, Ti.a,(free) V(n,m) e A.d,.y
teT (n,m)
sales "’ndy > > fl("wg;zﬁzdyr ndy(frec) Vn € No(B),d.y
teT (n,m) meN_.(B)
ﬁ:dy — > > flo-urg::?ndy - (1 — losq 2)(1 — loqqnm mdy(free)

teT(n,m)neNs(B)

.qn.h“.qs‘s;{y — > .i-n.jg;gyﬁ de(free) Vs.d,y
teT (N (s))

salesSyy, — > xtrl s, Top (free) Vs.d.y
teT' (N (s))

teT(n)

(12)

(13)

(14)

Vm € N.(B),d.,y

(15)

(16)

(17)

Ty — (INT;; —SLPS,, - > sahsg;;;;). v, (free) Vn € N(C).d.y (18)
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3. ENERGY MARKET MODEL

MATHEMATICAL FORMULATIONS

LINEAR COMPLEMENTARITY PROBLEM EQUIVALENT QP FORMULATION
0<Mx+q | x>0 min xTQx +q"x
= x = s.t. Mx+q =0
A —BT —CT x=>0
M= (B 0 0 ) A 0 0
C 0 D Q= (0 0 0)
0O 0 D

A: diagonal, psd
D: diagonal, pd Q: diagonal, psd
LCP feasible if min xTQx + qTx = 0
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4. CALIBRATION

MODEL CALIBRATION

CALIBRATION VARIABLES

= Base case wholesale price: T , = WM // LW

= (Base case consumption: sales"? , =» sales"'M .} c , TU ndy
= Node-specific market power: 8¢ 4, = [0...1] & nay=1 7

LThe trader-specific market power is fixed e
eforehand, and the overall market power /

is 8%, = (8%, 64y ) w
p sales ndy
CALIBRATION PROCEDURE 7 =

= For now: by iteration 2 (Sa|eSW'Mndy, T[W'Mndy)
= |n future: formulate optimization problem 5Cndy¢ nWOndyﬁ

= |eads to an MPEC (Mathematical Problem with
Equilibrium Constraints) ,

W W
% /
CALIBRATION FORMULAS (sales " nay, T nay)

;C A e C 5 A 7l'vvlvtyiy(k)
0 (A + 1) - Ondy(]\) + '55@ : (_ WW‘J\I +

salesg;y(k) ) %
ndy
ndy

W, M

ndy WO C 4 C —_
wo sales™, (k) n ndy¢ 6 ndy¢ // & ndy-o
ndy(l‘ +1) = ndy(l") ¥ T l0 * (— salesW; ™ ) 7

TERMINATION CRITERIA ,
|sales", 4, (k) / salesWM , -1|<TOL AND /

nay(K)/ TTWM  -1|<TOL OR &€
change anymore

ETH

Eidgendssische Technische Hochschule Ziirich Tobias Baltensperger | 15 April 2014 | 26
Swiss Federal Institute of Technology Zurich

sales

WO WO ’
T Tt don’t . :
| ndy’ ndy Note: calibrated parameters are not unique




4. CALIBRATION

MODEL CALIBRATION

CALIBRATION VARIABLES
= Base case wholesale price: T , = WM // A W
= (Base case consumption: sales"? , =» sales"'M .} c o TU ndy
= Node-specific market power: 8¢ 4, = [0...1] 6 nay=1 A

LThe trader-specific market power is fixed // 6Cndy=0/

eforehand, and the overall market power e e
is 6Cqy = = (8¢, &¢ ndy s el w
/ 7 sales oy

CALIBRATION PROCEDURE 7 e ‘r\
» For now: by iteration - (sa|e5W"V'ndy, T[W"V'ndy)
= |n future: formulate optimization problem 8oyt "0t

= |eads to an MPEC (Mathematical Problem with
Equilibrium Constraints)

W W
%
CALIBRATION FORMULAS (sales " nay, T nay)

w w
C ¥ o C . < Tnd (k) salesnd (k)
Onay (K +1) = gy (k) +7¢,, - (= R F saleaaT ) WO c

Wo /1. sales?, (k) n ndy¢ & ndy¢
ndy(l‘ +1) = ndy(l‘) ¥ T l0 * (— sales?; M )

TERMINATION CRITERIA
|sales", 4, (k) / salesWM , -1|<TOL AND

nay(K)/ TTWM  -1|<TOL OR &€
change anymore
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4. CALIBRATION

CALIBRATION RESULTS: MEASURED AND CALIBRATED PRICES

S S T A S O T R o N S S -5 < 55 - N 7 S R :
[N N A T [N O Y S Iy N A [ S N S Y AN b 11 1 1 1 1 1 111
PT ES FR IE GB NO DK SE BE NL LU DE CH IT AT SI CZ PL SK HU BG RO GR FI EE LT LV RU BY UAHR TR X8 N1 N7 LY GQ NG N3 IR N6 N5 IN N4 AUCN N2 JP KR TW

40

300

20

4

\
\s
\

]
|

Calibrated base gas price 70 (blue) and measured gas price M (black) [€/MWh]

4
g

<]
I

G-3.

[ 1 T~

7

-~

PT ES FR |IE GB NO DK SE BE NL LU DECH IT AT Sl CZ PL SK HUBG RO GR FI EE LT LV RU BY UAHR TR X8 N1 N7 LY GQ NG N3 IR N6 N5 IN N4 AU CN N2 JP KR TW
Country
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5. SENSITIVITY ANALYSIS
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5. SENSITIVITY ANALYSIS

SETUP & RESULTS

VARIATION OF MOST UNCERTAIN
PARAMETERS

Base case wholesale price o 4y
= [-50%, -10%, +10%, +50%]
Node-specific market power 6,4y
= [-0.5,-0.1, +0.1, +0.5]

Price sensitivity N

= [-0.2,-0.1, +0.1, +0.2]

RESULTS

Overall satisfying:

= Country, in which the parameter is
changed, is affected the most (red symbols)

= Especially high change of saIesWncly if
o 4, is varied

= Inall other countries, n¥, , and sales" ;.
only change moderately (blue symbols)

|< 20%

= | salesV , —sales"?

w — WO
" |T[ ndy n ndy

| < 8%

ndy

=» the cases, which lead to particularly high
changes can be dealt with separately if
required
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5. SENSITIVITY ANALYSIS

ABSOLUTE PRICE CHANGE

Blue: +/ —50%[0.2 (Red: in own country) | Green: +/—10%|0.1 | Symbols: /\ : 7} | square: §¢; | +:7
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5. SENSITIVITY ANALYSIS

RELATIVE PRICE CHANGE
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5. SENSITIVITY ANALYSIS

ABSOLUTE CONSUMPTION CHANGE
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5. SENSITIVITY ANALYSIS

RELATIVE CONSUMPTION CHANGE
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6. INTERMEDIATE RESULTS AND OUTLOOK
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6. INTERMEDIATE RESULTS AND OUTLOOK

PLANNED CASE STUDIES

CONSEQUENCES FROM CUTBACKS IN

= Production

= Pipeline capacities

= Liguefaction and Regasification capacities

CONSEQUENCES OF THE EXPANSION OF

= Pipeline capacities

= Liguefaction and Regasification capacities

= Possibly coupled to a future gas market setting

ANALYZE EUROPEAN MARKET DYNAMICS

= Which countries are affected/can profit the
most by which cutbacks/network expansions

= How can these burdens/gains be shared
efficiently

= |s a top-down regulation necessary, or can the
EU member states implement efficient
measures by their own

FUTURE WORK (REQUIRES SUBSTANTIAL
MODEL EXTENSION):

COUPLE TO OTHER ENERGY CARRIERS

= Couple gas, electricity, coal & oil markets

= Estimate price changes for the consumer
taking the overall energy system into account,

e.g.,
= |f a shock occurs in one market

= |f taxes are raised on certain carriers

LINK CUTBACKS MORE SPECIFICALLY TO
THREATS

= Co-work with a risk-management specialist
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6. INTERMEDIATE RESULTS AND OUTLOOK

EXAMPLE CASE STUDIES

RUSSIAN EMBARGO OF EUROPE

EU DIVERSIFICATION STRATEGY

= Expansion of regasification capacities (in all
countries, proportional to existing capacity)

EU AND N-AMERICAN JOINT ACTION

= Expansion of EU regasification capacities

= Simultaneous increase of N-American
liquefaction capacities

EU AND N-AMERICAN JOINT ACTION <->
ROBUSTNESS IN CASE OF A RUSSIAN
EMBARGO

® |ncrease of EU R-capacity
® |ncrease of N-American L-capacity
= Russian embargo of EU

GUIDING QUESTIONS:

= Which countries benefit? Which ones
loose?

= Which countries pay for the benefits (of
others)?

THE RESULTS IN CONTEXT:
= Which scenarios are likely?
= Accuracy of results

= Cf. sensitivity analysis

= |nterferences with other (not modeled)
energy systems?

= e.g.: electricity, coal markets, expansion
of renewable capacities
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6. INTERMEDIATE RESULTS AND OUTLOOK

RUSSIAN EMBARGO OF EUROPE
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6. INTERMEDIATE RESULTS AND OUTLOOK

EU DIVERSIFICATION STRATEGY
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6. INTERMEDIATE RESULTS AND OUTLOOK

EU DIVERSIFICATION STRATEGY
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6. INTERMEDIATE RESULTS AND OUTLOOK

EU AND N-AMERICAN JOINT ACTION
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6. INTERMEDIATE RESULTS AND OUTLOOK

EU AND N-AMERICAN JOINT ACTION

Gas price change in countries [%]

- % 1 E;O 260 SE;O 460 560 660 760 860 960 1 0|00
Increase of the regasification/liquefaction capacity in the EU/N-America [mem/d].

ETH

Eidgenéssische Technische Hochschule Ziirich Tobias Baltensperger | 15 April 2014 | 42
Swiss Federal Institute of Technology Zurich



6. INTERMEDIATE RESULTS AND OUTLOOK

EU AND N-AMERICAN JOINT ACTION <-> ROBUSTNESS IN CASE OF A RUSSIAN EMBARGO
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6. INTERMEDIATE RESULTS AND OUTLOOK

EU AND N-AMERICAN JOINT ACTION <-> ROBUSTNESS IN CASE OF A RUSSIAN EMBARGO
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