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Introduction to MCP formulations T

Technische Universitat
Cottbus

» MCP (mixed complementarity programming) is a common modelling
approach to describe various energy markets around the world.

» Complementarity models generalize linear programs (LP), quadratic
programs (QP) and (convex) nonlinear programs (NLPSs)
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Introduction to MCP formulations: types of optimization Brandenburgische
problems Cottbus
Convex | Non-convex

Non-linear program
Integer program

Linear program

Quadratic program

Source: [4]
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Introduction to MCP formulations T

Technische Universitat
Cottbus

» MCP (mixed complementarity programming) is a common modelling
approach to describe various energy markets around the world.

» Complementarity models generalize linear programs (LP), quadratic
programs (QP) and (convex) nonlinear programs (NLPSs)

» Complementarity problems are appropriate for modelling the
regulated/deregulated, perfect/imperfect competition that characterizes
today’s energy markets
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Method of Lagrange multipliers: problem definition Braerburgische

Technische Universitat
Cottbus

In mathematical optimization, the method of Lagrange multipliers is_a
strategy for finding the local maxima and minima of a function subject to

equality constraints:

max f (x,y)
s.t.g(x,y) =c

Where f(X,y) — objective function
g(x,y) - constraint
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Method of Lagrange multipliers pradenburaische

Technische Universitat
Cottbus

In mathematical optimization, the method of Lagrange multipliers is_a
strateqy for finding the local maxima and minima of a function subject to
equality constraints:

max f (x, y) Key point: 2 curves are tangent at the same point ->
l.e. they have the same slope

s.t.g(x,y) =c .
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Method of Lagrange multipliers
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Cottbus

In mathematical optimization, the method of Lagrange multipliers is_a

strategy for finding the local maxima and minima of a function subject to
equality constraints:

max f(x,y) Gradient of the function shows the direction of the
max increase of the function:
s.t.g(x,y) =c
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Method of Lagrange multipliers: Gradient Brandenbuimiscie

Technische Universitat
Cottbus

In mathematics, the gradient is a generalization of the usual concept of
derivative of a function in one dimension to a function in several dimensions.

v' Gradient points in the direction of the greatest rate of increase of the function
and its magnitude is the slope of the graph in that direction
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Method of Lagrange multipliers pradenburaische

Technische Universitat
Cottbus

In mathematical optimization, the method of Lagrange multipliers is_a
strateqy for finding the local maxima and minima of a function subject to
equality constraints:

max f(x, y) If 2 vectors are orthogonal to the same slope, it has
to be the case that they are parallel:

s.t.g(x,y) =c ,
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Method of Lagrange multipliers: economical interpretation  sandenburgische

Technische Universitat
Cottbus

v" In economics the optimal profit to a player is calculated subject to a
constrained space of actions, where a Lagrange multiplier is the change
In the optimal value of the objective function (profit) due to the relaxation

of a given constraint

Vi(x,y) =A-Vg(x,y)

aL(x, y) in such a context Ais the marginal cost of
P ( ) — the constraint, and is referred as the
g\x,y shadow price

BTU Cottbus — Chair of Energy Economics 11
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Karush—-Kuhn-Tucker conditions T

Technische Universitat
Cottbus

v' The Karush—Kuhn-Tucker (KKT) conditions are first order necessary
conditions for a solution in _nonlinear programming to be optimal,
provided that some regularity conditions are satisfied.

v Allowing inequality constraints, the KKT approach applied to nonlinear
programming generalizes the method of Lagrange multipliers, which
allows only equality constraints.
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Karush-Kuhn-Tucker conditions
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» Let us consider the problem:

min F (x)
s.t. gix)<0 () Vi=1,..n
hi(x) =0 () vji=1,.m

» For this problem, the KKT conditions are:

7FCO + ) AVE() + ) wilhy(9) = 0
i=1 =1

(1.1)
(1.2)

(1.3)

(1.4)

(1.5)
(1.6)

The solution stationarity is ensured by the equation (1.4). Equations (1.5) and

(1.6) ensure complementarity and feasibility of a solution

Source: [1]
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Let us provide the following illustration of such a

based on a simple problem faced by a gas producer:

mathematical structure

Q}ggcﬂ =qp(q) — C(q) (1.7)
s.t.q <Q (1.8)
where:
g - gas sales
p(q) - affine inverse demand function
C(qg) — production cost function
BTU Cottbus — Chair of Energy Economics 14
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Introduction to MCP formulations

The KKT conditions for this problem are:
ad '
OSqip+%%ﬂ—C@D+ASO (1.9)

0<AL(g—0)<0 (1.10)

Equation (1.9) is a short way to express the following complementarity
problem:
0<gq

p—C'(Q@) +A<0
qip—C'(g)+A) =0

where symbol L states orthogonality

BTU Cottbus — Chair of Energy Economics 15
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|ntrOdUCtiOn tO MCP formU|ati0nS Brandenburgische

Technische Universitat
Cottbus

v' The complementarity model of a market is done by combining the KKTs
of all market players with market clearing conditions.

v" Numerical problems in MCP format can be efficiently solved with PATH
solver by using the GAMS software.

v' The General Algebraic Modelling System (GAMS) is a modeling system
used for mathematical programming and optimization. GAMS is designed
to model complex and large-scale problems, such as: LP, NLP, MIP,
MINLP, etc.

BTU Cottbus — Chair of Energy Economics 16
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Network representation Brandenburgische

Technische Universitat
Cottbus

v' Market participants as producers, wholesale traders, final consumers, LNG
terminals are represented in the model as nodes (N)

v' There is a list of activities possible to happen in certain node accordingly to its
geographical location: production, export, import, consumption

v" All nodes in the model are interconnected through arcs. Data for the existing
European gas infrastructure was taken from ENTSOG. Arcs have exogenously

assigned capacity cap?'>¢ in bcm/a

v" Pipeline interconnections are modelled only by one-directional arcs, although
transmission pipelines theoretically could be bidirectional. Gas flows which have
to be feasible in two directions are achieved via two one-directional arcs

v" The model neglects gas friction and pressure drops in the network

BTU Cottbus — Chair of Energy Economics 18
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Production layer

Export flows layer

Wholesale layer

Consumption layer

Wholesale Trader

(only pipeline
imports)

t v

Wholesale Trader

(pipeline and LNG
imports)

t

Wholesale Trader

(pipeline and LNG
imports)

>
>
Producer 1
(only pipeline exports) R >
parameters:
» production capacity m = 1-- 'k """" )-_’
» production costs 1 1
1 1
T Uk /T T
1 1
1 1
L B S e )._>
1 1
1 1
. . '%{_J
! ! Regasification terminals
: : = terminal capacity
1 1
Liqufaction terminals
= terminal capacity
— pipeline flows
Producer Producer P
= = = =) LNG flows
(LNG exports) {LNG and pipeline

exports)

IER

Final markets

parameters:
=« demand function
= inner production
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Set of assumptions Brandenburgische

Technische Universitat
Cottbus

v" No certain gas flow destination, which gives each consumer the possibility to
choose own supplier independently

v' Gas producers have full information about the demand in each node and adjust
their production amount optimizing their profits

v" The model operates with an assumption of one wholesale trader located in each
country and the absence of vertical integration between companies on
subsequent layers

v The model is based on a static modelling approach. Thus, we exogenously
assign investments in natural gas infrastructure (such as new pipeline or LNG
capacity which enters the model in expected year of completion)

BTU Cottbus — Chair of Energy Economics 20
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Mathematical description: Producer Branderurgsche
Cottbus
v’ Producer’s objective is to maximize its profit ([T2"°%) by deciding the quantity of

gas to be produced (pr)

v’ Its profit results from selling the gas produced at the price (PtoE,,) minus his
production costs (PrC,,) which is a linear function from the quantity of gas
produced

max Hﬁmd = (pryn - PtoEy,) — Priy, (prp,n), Vp,n
DTy \ Y ) | Y J 0
profit production costs

where (1) represents the producer’s profit function

BTU Cottbus — Chair of Energy Economics 22
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Mathematical description: Producer Brandenburgische

Technische Universitat
Cottbus

Each producer operates under the production capacity constraint:

CapTTiTOd > Z PTp,n (A«Z,)erd), iy (1.2)
14
pryn =0, Vp,n (1.3)

where equation (1.2) is a production constraint and (1.3) ensures that production
variable takes only positive values

BTU Cottbus — Chair of Energy Economics 23
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Mathematical description: Producer Brandenburgische

Technische Universitat
Cottbus

v Following the common approach of obtaining a complementarity model, the
problem has to be converted into a minimization problem. The signs of the
objective function will be inverted and constraints restructured to the following
form:

: d
min —I17"°% = —Ppryn - PtoEy,, + PGC,n(prp,n), Vp,n (1.4)

PTpn

subject to

caph % — Z P =0 (7°%), vn (1.5)
D

Pon =0, Vp,n (1.6)

BTU Cottbus — Chair of Energy Economics 24
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Mathematical description: Producer Brandenburgische

Technische Universitat
Cottbus

v' By deriving the first-order conditions (FOCs) we obtain Karush-Kuhn-Tucker
conditions for this problem:

d0PrC T
Vp, n: % Oy L(—PtoE .+ p,n(p p'n) + /'lzmd) >0 (1.6)
OPtyn
vn 0<L el ) (capﬁmd — Zprp,n) >0 (1.7)

Linear cost function ensures convexity requirement of KKT conditions to find an
optimal solution for the given problem

BTU Cottbus — Chair of Energy Economics 25
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Mathematical description: Exporter Brandenburgische

Technische Universitat
Cottbus

v' The objective of an exporter is to maximize its profit (II,,) from gas sales to the

market m at the border price (bp )

v' Natural gas has also to be transported to a node m; (tfee,,) is a transport fee
paid by an exporter to use arc(s) between n and m nodes

exp __

max I, = (expp,nam - bpy,) — (eXPpnom’ PtoE,,) — Z tfeenm - expflynom

exp pn-m ( | | | n->-menN

! ! \ J
|

transportation expenses

expflpn-m
gas sales purchase expenses

(2.1)

where equation (2.1) is a represents the profit function of an exporter

BTU Cottbus — Chair of Energy Economics 26
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Mathematical description: Exporter Brandenburgische

Technische Universitat
Cottbus

Subiject to:

[z eXPpn-m — Z expflp,‘nﬁm 3 Z expflp,men - z expp,m—m] =0 (gOS?f),Vp, n (22)
m#n m#n m#n m#n
exppnom = 0, Vp,n,m (2.3)
expflynom =0, Vp,n,m (2.4)

Equation (2.2) is a constraint which ensures flow and activity conservation.

Literally it means that trade gas volumes have to be equal to the physical gas
flow.

BTU Cottbus — Chair of Energy Economics 27
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Mathematical description: Exporter

Thus, for an exporter P placed in export node n, all sales out of node n have to be
equal to the physical flows out of this node:

[z XD, 1 z expf lp,n_)m‘ =0, ((p;ﬁ" ) Vp,n,m

m+n m+n

In case we consider n node as an import node, all import trades from other nodes
to node n have to be equal to all physical gas inflows:

lz expfl, . .~ Z expp’m%n] =0, (gai“?fl Vp,n,m

m+n m+n

Note that each node for some set of arcs can be viewed as import or export node

BTU Cottbus — Chair of Energy Economics 28
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Mathematical description: Exporter Brandenburgische

Technische Universitat
Cottbus

v" Deriving KKTs from the corresponding minimization problem we obtain:

Vp,n, m: 0 < exppnsm L (—bpm + PtoE,, + goslfflp = gos’xnf >0 (2.5)

Vp,n,m: 0= expflp,m—m L (tfeepsm — (p;:’;p + (p;:xn};) =0 (26)

Vp, n: [Z eXPipn>m— Z expf by sm|F Z expflymn — Z expp'm_,n‘ =0 (2.7)
m#n m#n m#n m#n

BTU Cottbus — Chair of Energy Economics 29
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Mathematical description: Wholesaler Brandenburgische

Technische Universitat
Cottbus

v The objective of each trader (w € W) is to maximize its profit from importing gas
from upstream players at (bpm) and re-selling it to the final market C

v Country of destination can be of the same node where a trader is placed (sales
for inner consumption) or a different one (wholesale gas trade).

v In case of sales to other consumption nodes trader w has to pay also transport
fee (tfee,.,) for using an arc between n and m nodes.

max WS, = (Whsynom * PFCn) — (WhSy nsm * bDm) — Z tfeensm  Whfly nom
WHhS\yy nosm | | | | n—omeN
Whfly nom ! ! \ }

gas sales purchase expenses : !
transportation expenses

(3.1)
where equation (3.1) is a trader’s profit function

BTU Cottbus — Chair of Energy Economics 30
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Mathematical description: Wholesaler Branderurgsche
Cottbus
Subiject to:
[Z WHAS  nsm — Z whf lw,nem] =0, (Pywn Yw,n,m (3.2)
m#£n m#£n
[Z Whfly mon — Z WHASy, m-n ] =0, (Pwm vw,n, m (3.3
m+n m+n
whsy nom = 0, Vw,n,m (3.4)
Whiilymsm =0, Yw,nm (3.5)

Equations (3.2-3) are constraints which ensure flow and activity conservation.

BTU Cottbus — Chair of Energy Economics 31
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Mathematical description: Wholesaler Brandenburgische

Technische Universitat
Cottbus

v" Deriving KKTs from the corresponding minimization problem we obtain:

vw,n,m: 0 < whSypom L (—DFCp +bpm + @i — @rvan) =0 (3.6)

Vw,n,m: 0= thlw,n—>m 1 (tfeepsm — 901:‘3?;1 + ‘p\"/vvgn) =4 (37)

Yw,n, m: [Z WhS s — Z Whilissm|+ z Wh L — Z whsw'm_m] =0 (3.8)
m#n m#n m#n m#n

BTU Cottbus — Chair of Energy Economics 32
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Mathematical description: TSO Brandenburgische

Technische Universitat
Cottbus

v' Transmission system operator (TSO) is responsible for allocating network
capacity to market players who participate in gas import/export/transit activities

v TSO uses capacity allocation mechanism which assigns additional network
capacity to the player with the highest marginal willingness-to-pay for it, i.e.
access to pipeline infrastructure is granted according to those players who value
capacity the most

TSO
max I, = (tfeen%m - totf ln_>_m) — TCn_,.m(totf ln_>_m) vn,m

totfl \ Y )| Y } (4.1)

gas flows allocation transmission costs

It was shown by Cremer et al. (2003) that modelling of profit maximizing
competitive TSO gives the same results as social welfare optimization

BTU Cottbus — Chair of Energy Economics 33
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Mathematical description: TSO

Subiject to:

Caple—aiz = totflym (A*Zr)lffn ’ vn, m (4.2)

totlil, ... =0, Ym (4.3)

where totfl represents total physical gas flow between two nodes. It equals to a sum
of all export and wholesale flows between these nodes:

Z expflp’n%m + Z whflen%m = totfl _ (tfeen%m f'ree) vn,m  (4.4)

m#n m#n

Where equation (4.1) is the objective function. Constraint (4.2) ensures that the
total physical gas flow through the arc (n — m) will never overcome its capacity.

BTU Cottbus — Chair of Energy Economics 34
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Mathematical description: TSO Brandenburgische

Technische Universitat
Cottbus

v Transmission costs are linear on the subject of distance over similar terrain [6].
Hence, transmission costs TC,,_,(totfl,_.,,) are assumed to be the product of
distances between nodes and average value of LRMC of gas transmission.

v" LRMC includes differentiation on offshore/onshore pipeline and Europe grid/FSU

grid. Distances between nodes are assigned exogenously and equal to distances
calculated between the centers of the countries relevant to nodes

v" The KKTs from the corresponding minimization problem are:

oTC.. .,(totfl.... :
vn, m: 0= totflisn L (—tféessh T gt::t(fl flnm) P o (4.5)
n—-m
vw,n,m: 0Z ﬂ,ﬁlffn Al (capﬁi’f,i —iatll. .m)==l (4.6)

BTU Cottbus — Chair of Energy Economics 35
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Mathematical description: market clearing Brandenburgische

Technische Universitat
Cottbus

v' The market clearing equation for the upstream level ensures that the whole

guantity of gas produced by producer will be purchased by exporter and sold to
the following market level:

Prys = Z expyn-m  (PtoEy, free), Vn,m (5.1)

m¥*n

v' Second clearing condition is satisfied if the entire quantity of gas imported by

downstream players equals to the entire gas quantity traded on a wholesale
market:

z Z eXPpn-m = Z Z WhSw,n—>m (bpm free), Vnm (5.2)
n p n

w
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Mathematical description: market clearing Brandenburgische

Technische Universitat
Cottbus

v Equation (4.4) was used to define the total physical gas flow which also serves
as a market clearing condition between TSO and exporters/traders:

Z exXpf Lysm Z Whfly nom = totfly,m (tfeenm free), Vvnm (5.3)

m¥*n m¥*n

v The final market clearing constraint guarantees that the price for final consumers
matches the inverse demand function at the equilibrium point:

pFC, — (an T bn ¥ Z Z thw,m—nz ) =0, VvVn (5.4)

m¥n w
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Mathematical description: demand function

The affine inverse demand function is commonly expressed in the following way:
P(Q)=a+b-Q (6.1)

where P(Q) represents the price of a good as a function of quantity demanded (Q).

The constant b represents a slope of the function and the constant a is an
intersection point with the vertical axis.

Inverse demand function is plotted on a coordinate system with the price on the
vertical axis and quantity on the horizontal axis:

P(Q)
A

BTU Cottbus — Chair of Energy Economics 38
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Mathematical description: demand function Brandenburgische

Technische Universitat
Cottbus

Estimation of inverse demand function is done around the reference point (p'f, Q'ef):
P®f =a+b-Q"¢ (6.2)

where Q¢ is the total consumption in the node n. It aggregates consumption
guantities of all the final consumers located in that node.

Using definition of the price elasticity of demand (PED), for the demand function
the following definitions can be written (here indices are omitted for the sake of
simplicity):

a 1 9, 1
Q:——-I——.p; €=__Q.B:_.B;
b b p @ b Q
(6.3)
_Q 8’ a_p Q;

BTU Cottbus — Chair of Energy Economics 39
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Mathematical description: demand function Brandenburgische

Technische Universitat
Cottbus

Applying results obtained in (6.3) into (1.1) gives the following inverse demand
curve:

pref
pzpref_b.Qref-I_Qref.E.
p 1. Pr¢f 1
—_ re - o —

pFL., — (an + b, - Z Z WSy -n ) =0, Vn

m¥n w
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Countries included in the model and major open data Brandenburgische
Technische Universitat
sources: Cottbus
Exporting countries Importing countries
LNG LNG
Type of ipeline | . . Type of ipeline o
yp . pip . liquefaction yp . Pip . regasification
connection connection . connection connection .
terminals terminals
Russia v (v) Germany v (v)
Norway v (v) France v v
Netherlands v (v) Italy v v
Algeria v v Poland v
Libya v (v) Czech Rep. v
Eqypt v Austria v
Nigeria v Slovakia v
Qatar v Belarus v
y existing connection Ukraine v
included in the model Belgium v v
planned/possible Switzerland v
(v) connection or terminals not UK v v
included in the model Baltic reg. v (v)
Major sources: Slovenia v
http://www.entsog.eu/ Hungary v
http://www.gie.eu.com/ Romania v
http://www.naturalgaseurope.com/ Balkan reg. v (v)
Spain/Portugal v v

BTU Cottbus — Chair of Energy Economics 42
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S e IV ] S

‘- asis EU HALFYEAR Cupy.gmsl INPUTDATA_HALF.gdx  BasisResults.gdx

Entry[Symbol  [Type[Dim[Nr Elem [ ['cap pipe, )
1 prod_constr Par 2 46
| 2/prod_costs Par | 2 48
cap_add Par 3 36 Plane Index (empty)
trans_costs Par | 99
calibr_cons Par 108

calibr_price Par | 108
inner_prod Par | 2 2 iq|NigLi ".‘q,iu,.i" ,:"", eg|Ukreg|tn_Ger|tn_Fritn_It [tn_Pol|tn_Cz|tn_Aus|tn_Slov|tn_Bel tn_UkrItn_Blg tn_Sw(tn_Uk |tn_Balt{tn_Sivn [tn_Hun [tn_Rom|tn_Balc|tn_SpP! cn_Gerj

Pn_Rus 15,25 4212405 385
pn_Nor 15,75 9,35 78 239

_Alg | {17,125§
pn_Lib | 5475
pn_Neth |

_Eg
pn_Qat
pn_Nig
Algliq
NigLiq
EgLiQ
QatLIQ
|itreg
Frreg
SpPreg
Blgreg
Ukreg
tn_Ger
tn_Fr
tn_It
tn_Pol
tn_Cz
tn_Aus
tn_Slov
= @"
Symbol search Reset | ™ Squeeze defaults Ordering: 12

l— Decimals  Search
MM Sort jzr;:x - Next PnevI

1
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Data'> Math'> M Ode I I i ng'> RESU ItS (G DX) Brandenburgische

Technische Universitat
Cottbus

File Edit Search Windows Utilities Model Libraries

T o | 3

Basis EUJ HALFYEAR Copy.gms | INPUTDATA_HALF.gds | BasisResults ads

Entry|Symbol Type DimlNr Elem (n. m, s): flow on the pipeline between nodes n and m
1pr Var 3 1,696
2 export_sale 4 89,888 Marginal

89888 fupper |
303,372
303,372

3 export_physical | Var
4 whole_sale Var
5 whole_physical |Var

6/totalflow Var 11,236

4
4
4
3
7 price PtoE  Var | 3 1696
alpice_border |Var | 2 212 Win2020|Sum?2020|Win2025 | Sum2025.
2
2
2
3

55 tn_Ger 0 15250 15250 15.250
= tn Bel | 12651 14,303 13666 17,572
5 tn_Ukr | 55749 54,097 57234 53328
tn_Balt| 3850 3.850 3850  3.850
tn_Ger| 15750 15750 15750 15750
tnFr | 9350 9350 9350 9350
tnBlg | 7.800 7,800 7,800  7.800
tn_ Uk | 23900 23900 23900 23900
tn_Ger| 9.000 9,000
tnt | 17125 17125 17125 17,125
tn_SpP| 16.000 16,000 16,000 16,000
AlgLiQ | 9.875 9875 12.875 12,875
tn_it 5475 5475 5475 5475
EqLlQ | 3.000 3000 4250 4250
Qatliq | 21500 21500 27,000 27,000
NigLlQ | 11,000 11,000 13500 13,500
tnCz | 6327 23880
tn_Aus 1.850
tnsw | 1715 102
cn Ger| 36709 38994 36729 38,999
tn Fr |tnSw | 0813 1262 3575 3575
cn Fr | 27719 28046 30564 30669
tn it [onit | 42489 40913 43021 41261
tn_Pol |tn_Ger | 0979 3249
cnPol| 7779 8012 7837 8,049

Symbol search Reset | ¥ Squeeze defaults Ordering: 41123

Decimals St h
I Next | _Pre | st | s [ New | prev

B price_FC Var
10 ;consumm Par

11 shadow_prod  Var
12 shadow_trans  Var

n
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Data->Math->Modelling->Results (Example)
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Data->Math->Modelling->Results (Example) Brandenburgische

Technische Universitat
Cottbus

00l 2013 (reference data) 112013 (model results) #2020 (model results) W 2025 (model results)
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Areas for the future work: middle- and long-term ——

Technische Universitat
Cottbus

Further work

Extensive Intensive

Non-linear
production

Demand
sectors

World Gas Dynamics

Gas Storages Market power

Model

cost
functions

il il

(shale gas)
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Appendix A: Duality concept

b-tu

Brandenburgische
Technische Universitat
Cottbus

Some (classes of) optimization problems have a “twin” problem,

= This is called the “dual problem”

[llustration using a simple linear program:

Mathematical formulation Example of interpretation
min a' x Minimize cost of supplying electricity
ik subject to engineering and power flow
st. Ax<h (y) constraints
s 43
e by Maximize pay-off such that the dual

st. A’ly=a (x) constraints are satisfied

= |f the optimal objective values are identical, we call it strong duality

Source: [4]
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Appendix A: KKT formulations Braerburgische

Technische Universitat
Cottbus

* The “classical” formulation of Karush-Kuhn-Tucker conditions:
0=V f(x )+ 24 Vg (x)+ 2 u;Vh,(x) . x, (free)
| OZg,.(x*) 1A 20
0=h,(x") . u; (free)

* One alternative formulation (of many) :
0<VA(x")+ DX A4 Vg (x)+ D2 u;Vh(x) L x, =0
| J 0<-g/(x) L A 20

0=h,(x") , u; (free)

Source: [4]
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Appendix B: model comparisons
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Brandenburgische
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Time Time :
: Seasons Dynamics
Scale resolution
NEMS EIAU.S. LP Nort.h no 15 2030 1 year 2 yes
America
I
ICF GMM ICF Int. NLP us no 114 severa monthly 12 no
years
WGM Egging MCP World yes 41 2030 5 years 2 yes
FRISBEE Statistics PE World no 13 2030 1 year 1 yes
Norway
coLumpus ~ Heckingand World es 2050 monthl 12 es
Panke, EW| y y y
Holz, DIW
GASMOD OBZerIin MCP Europe yes 6 2025 10 years 1 yes
Li d
GASTALE Ise an MCP Europe yes 19 2030 5 years 3 yes
Hobbs
Lochner et al.,
TIGER EW| LP Europe no - 2020 monthly 12 yes
Zwart and
NATGAS MCP Europe yes - 2035 5 years 2 yes
Mulder
Current BTU LE MCP Europe no 53 2025 5 years 1 no
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Appendix C: assumptions for a base case scenario Brapdenburgische

Technische Universitat
Cottbus

All gas infrastructure projects (pipeline or LNG capacity
extensions) which are at a completion stage will be on
operation within the planned time;

Gas production/field depletion of the main gas fields for
each producer will follow an expected pattern;

Growth rate of compound annual demand for natural gas
(CAGR) will follow projections of IEA (2012) and is
assumed to be +0,7% for all countries in the model;

The current conflict in east Ukraine will not have a direct
impact on transit politics, i.e. Ukraine will continue to
exploit gas infrastructure for transit services; no
emergencies happen.
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