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Uncertainty in the European Natural Gas Market
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Supply Side

* Declining domestic natural gas
reserves

* Redirection of gas supplies
(increasing demand in Asian
economies)

* Growth in worldwide LNG export
capacity -> European imports from
US

Demand Side

Gas for power generation

(Ambitious climate targets and
policy aims, e.g., coal phase-outs)

Long-term economic outlook
subject to uncertainty

Cold weather (production freeze-offs

in US in Feb 2021)

|

Impact on security of supply of natural gas?

BTU CS — Chair of Energy Economics



Furopean natural gas infrastructure
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Projects of Common Interest (PCls) included in our Brandenburgische

Cottbus - Senftenberg

analysis:

European Commission > Energy > Topics > Infrastructure > Projects of Common Interest > Key cross border infrastructure projects >
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Figure: https://ec.europa.eu/energy /infrastructure/transparency platform/map-viewer/main.html 6
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Actual contribution of PCIs to security of supply is under Techmische nversit
Cottbus - Senftenberg
debate though..

4 Art&lys An updated analysis on gas supply security in the EU
OPTIMIZATICN SOLUTIONS energy transition

The report concludes that the existing EU gas infrastructure is sufficiently capable of meeting a variety

of future gas demand scenarios in the EU28, even in the event of extreme supply disruption cases.

This suggests that most of the 32 gas infrastructure projects on the 4™ PCl list are unnecessary from a

security of supply point of view, and represent a potential overinvestment of tens of billions of EUR,

supported by European public funds.
Key findings

Finding 1: Under normal market conditions, existing gas infrastructure in 2030 suffices to meet gas

demand in both an “On Track” and “High Demand” scenario

Finding 3: Investments in projects included in the 4™ PCl list are found to be unnecessary to safeguard

security of supply in the EU28 and therefore risk to become stranded assets supported by European

Union public funds. This remains true in scenarios with higher natural gas demand in 2030. Minor

Reference: Artelys, 2020. An updated analysis on gas supply security in the EU energy transition. Technical Report. v
Artelys OptimizationSolutions. Paris.
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Modelling decisions under uncertainty
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N
e

@ Eu

point estimate scenario tree

(deterministic approach) (stochastic approach)

uncertainty set
(robust approach)
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Adaptive Robust Optimization problem Srandenburgische
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min, C7 z max, | min,[Co(z, )] y
s.t. s.t. s.t.
x e uelU Alx,u) -y = blz,u) : A
h,(;;;) — () U{-T';“} ) E’-{I,“!L:] : L
g(x) <0

The first level (black) represents a planning strategy prior to the uncertainty

realization and seeks to minimize the objective function value. Decision
variables: vector x € X

BTU CS — Chair of Energy Economics 10



Adaptive Robust Optimization problem
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min, C7x

s.t.
x e "
h(x) =0

g(x) <0

max,,

S.1.
uelU

min, [Co(z, u)|"y

S.t.
Alx,u) -y = blz,u) : A
D(z,u)-y = elz,u):p

The second level (red) represents the uncertainty realization in the worst

possible manner within an uncertainty set (thus it seeks to max the objective
function). Decision variables: vector u € U

BTU CS — Chair of Energy Economics
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Adaptive Robust Optimization problem
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min, C7x

s.t.
x e "
h(x) =0

g(x) <0

max,,

S.1.
uelU

min, [Co(z, u)|"y

S.t.
Alx,u) -y = blz,u) : A
D(z,u)-y = elz,u):p

The third level (blue) represents the operation actions to mitigate the effect of

the uncertainty. It therefore seeks to minimize the objective function. Decision
variables: vector y € YV (x,u).

BTU CS — Chair of Energy Economics
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Polyhedral uncertainty set example (Conejo et al. 2016): Technische Universit

E E
Pg max ¢ [O, Pg max] Vg lf FG: 0 - PgEmax — PgEmax

Zg(PgEmax _ PgEmax) if FG: 1 - PgEmax € [0, PgEmax]

< 16
Xg(B7™) if T6= 0.2 = up to 20% of

Pgmax = [Pcl?max, C?max] vd generation capacity may be

unavailable

Zd(Pcll)max _ Pcll)min)
< rP

Zg(PC?max _ Pcli)max) o

ré,r° ={0..1}

Click to explore an example implementation of
polyhedral set with a toy 6-node power network

BTU CS — Chair of Energy Economics 13


https://github.com/Irieo/Public-talks/tree/master/30.10.19%20-%20Robust%20optimization%20of%20electricity%20system%20expansion
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Uncertainty set considering only vertexes of polyhedron  wiiche onversiat
. Cottbus - Senftenberg
(Baringo et al. 2020):

Uncertainty Set Formulation Uncertainty Budget Constraints

- Uncertainty budgets I' used to

Q= {v=v+diag(u™ )V — diag(u™)V,
{ 9(u™) 9(u™) control robustness of the

ut,u” e {0,1}",

solution
m . -
Z(“fj Lur)=T, - If T =0 — all variables ln.vector
k=1 v assume forecast values, i.e.
up +u, <1, Vk} uncertainty is absent <
- If T > 0 — variables in vector v
allowed to deviate from their

- Polyhedral uncertainty sets
employed

forecast values

- Cardinality-constrained set
formulation

BTU CS — Chair of Energy Economics 14



Uncertainty set considering only vertexes of polyhedron:

gas market application
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Q - {NGg:ax — %Z’t “r Zglﬁg,t Vd

—~P — prod
NG = NG, — 2°°NG,  Vp
zg < T”
ngd S I—P

zge {0,1} Vd
Ze 10,1} Vp}

High

Low

0 100 200 300 400 500 600
Natural gas demand in 2030 (bem/a)

(a) Demand uncertainty sect

Demand deviations per unit of a
budget are endogenously determined
on a monthly basis -> winter
demand  profiles constructed to
incorporate historical monthly peaks

Supply deviations per unit of a
budget are endogenously determined
on a vyearly basis -> individual
supply facilities/fields (merit-order)

High . RS

Low

0 100 200 300 400 500 600 700
Natural gas supply (2030) (bcm/a)

(b) Supply uncertainty sct

BTU CS — Chair of Energy Economics
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Uncertainty set considering only vertexes of polyhedron:  Fimee versist
o7 . . . Cottbus - Senftenberg
The devil 1s in the details

Cold winter peaks: Germany

Supply potential: Russia
15 300 PPYY P
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3 -
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Cold winter peaks: Italy 200 Supply potential: LNG 5
jab]
151 Cold winter monthly demand peaks : : e}
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At this point we have defined
the ARO problem..

..now we find the approach
to solve the monster!




Merging levels 2&3
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min, C7x

s.t.
€r e "
h(x) =0

g(x) <0

max,,

S.1.
uelU

min, [Co(z, u)|"y

s.t.
Alx,u) -y = blz,u) : A

D(z,u)-y = elz,u):p
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Merging levels 2&3 (Conejo 2019; Minguez et al. 2016). it

Technische Universitat
Cottbus - Senftenberg

Let’s take the third level problem:

min [co(x,u)] 'y
y

st. A(xz,u) -y =0b(xz,u): A
D(z,u) -y > e(z,u): p

BTU CS — Chair of Energy Economics 19
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Merging levels 2&3 (Conejo 2019; Minguez et al. 2016) Technische Universitt
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And derive the dual form for this problem:

min [eo(xz,u)] Ty
y

st. A(z,u)-y=>bz,u): A
D(z,u) -y > e(z,u): p

max [b(z,u)]" X + [e(z,u)] " 1

Y
st. [A(z,u)]" A+ [D(xz,u)] 1 = co(x,u)
A free
p >0

BTU CS — Chair of Energy Economics 20
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Merging levels 2&3 (Conejo 2019; Minguez et al. 2016) cihontio

Technische Universitat
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Now we can merge the second level problem and dual of the third level

max [b(z,u)]" A+ [e(z,u)] " p

U W

st. weuU
[A(z,u)] " A+ [D(z,u)]"p = co(x,u)
A free
p=>0

We still have to linearize bilinear terms that occur in dual objective.

Two in our case — one for each uncertainty budget.

BTU CS — Chair of Energy Economics 21



Column-and-constraint generation
(or Benders-primal) algorithm
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Zeng, B., and Zhao, L. “Solving two-stage robust optimization problems using a
column-and-constraint generation method.” Operations Research Letters, 41,
5 (2013), 457-461.

Bertsimas. D., Litvinov, E., Sun, X. A., Zhao, J. and Zheng, T. “Adaptive robust
optimization for the security constrained unit commitment problem.” IEEE
Transactions on Power Systems, 28, 1 (2013), 52-63.

BTU CS — Chair of Energy Economics
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Column-and-constraint generation
(or Benders-primal) algorithm (Conejo 2019)
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Master problem: uw = u®, k = 1,..., v, fixed

- T
min c; * +
m&ﬂfy(h}!k:]—!"wy ! n
s.t. h(xz) =0
g(z) <0
n > [co(x, u®)] Ty kEk=1,...

A(z,u®) . y®) = p(z,u®) k=1,...
D(z,u®).y® > e(x,u®) k=1,...

I
), @)

& yP k=1,...,v)

BTU CS -~

Chair of Energy Economics
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(or Benders-primal) algorithm (Conejo 2019)

Subproblem: & = =Y fixed

max [b(xz@ "V, u)]TA + [e(z "V, u)]"n

W
st. weu
[A(z@ D, u)]TA 4+ [D(xz "V, u)]Tp = co(x Y, u)
A free
p=>0
(X
u{rf)j )\(v}1 ,u{"’)

BTU CS — Chair of Energy Economics 24
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Column-and-constraint generation Tochnische Oniversitat
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(or Benders-primal) algorithm

UB = oo and LB = —oo

L J

=10

:I Solve master problem *,n*

'

| Update lower bound I—v-| L = zM= |

'

| Solve subproblem u*

'

| Update upper bound }—- UB=min{UB,CTz + 257}

I } yrrl: axr=y

BTU CS — Chair of Energy Economics 25
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Res. 1: Robust expansion considering cold-winter gas demand spikes

Scenario Settings PCls in Hobust Expansion Plan AR output (bem)

CAPEX I';y Iy LI-PL  DK-PL  LV-LI' BG-SE  HU-R(Q - HU-S1 SIAT  SK-HU  PL-SK HR-51 GR-BG  GR-IT  TR-BG  IE-LNG HR-LNG PL-LNG GR-LNG I'y® % Cap LS
A

= ] 1] | ] ] 1 ]
-] w o 17 0.4 0
:"% a0 3|/ 151 1.3
w0 - I T ERE T
= 0 0 [1] 11 ]
E T 17 14 0
E W 0 38 14 1.3
w0 | ] 52 71 25
I'p=10 |

[p=0|Ts=0 s =0 Ip=30|Tg=0 Tp=60|Ts=0

Subsidised CAPEX
|
|
|
4

Estimated CAPEX
—

0 2 4 ] 8
NG Demand A (bem/a)

In the Estimated CAPEX scenario two projects are built: HU-SI & P1-SK
Three (I'p = 0) to nine (I'y = 60) projects are built in the Subsidized CAPEX scenario

The optimal expansion plan remarkably captures the PCI projects that are in the final
realisation stage (KrK terminal in Croatia, as well as LT-PL, BG-SB, PL-SK, GR-BG)

After all, up to 8 projects (from 17) are never realized
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Res. 2: ... considering cold-winter gas demand spikes and investment options beyond PCI list

Scenmrin) UH PCls in Hobust Expansion Plan mon-EU ARLY Chulpasi
CAPEX p Mg LT-PL DE-PLOINVALT  BO-SE HU-RG HU-SL SEAT SK-HU MASK HE-S GR-BC GRIT O TR-BG IE-LNG . HELNG  PLLLNG GRING UA-PL - BELNG  FRLNC  Tp* " i
3 ¥ ¥

i ow oo - —
B L ] E
@ o — [ —— P
-: I|.|l :: . r:'.l' |:-1- L]
I om ow B = wm 3
= m | - EERIT] 15
[p=0]| =0 [p=10 | [s=0 Ip=30|T5=0 Ih=60| =0
_,_: % r’ . ': L "
i D oy - - -..-'_\:
8 - 4 “wi * - s . wi e
& L : - L%t - “': - L - 1% ‘ "? r q_';.
"g ..“: : r:- i ¥ ‘-‘ :-..H :
=] ] . [ [ il b |
= ¢ b : -
L iRt
b .
E * . ; - '
=< k. My k™ i : ll..:'.-— ]
U o . g % .--,. - ] "':' :
5 y L a ) T . ST
= " — r e . 7. — . - : y - = ."--.|.1-
: : < =t
E h I = =
Ll
| |
L T T T T 1
0 2 4 B 8 10

NG Demand A1 (bomn/a)

1. (Subsidised CAPEX): despite investment options include more than 100 projects (17 PCI and
92 non-PCI), the solution entails 9 projects with the majority of these being PCI projects.

2. The non-PCI investments include one pipeline (UA-PL) and two regasification terminals in
Belgium and France — both are interesting from the system perspective.

Partial substitution of PCIs by non-PCI projects (GR-LNG, GR-BG and BG-SB).
(Estimated CAPEX): highlights the value of HU-SI and UA-PL (is expected) 28




Res. 3: ... considering cold-winter gas demand spikes and supply shortages

Scenario Settings

PCls in Hobust Expansion Plan

ARD Output (bem)

CAPEX I'p I's  LT-PL DK-PL LV-LT BG-53 HU-RO  HU-S1 SEAT SK-HU  PL-SK HR-S1 GR-BG GRIT  TR-BG IELNG  HR-LNG  PLALNG  GHLNG I'p® I's® Y Cap LS
= 0 1 o 15 104 [
L | ] 17 45187 2.5
= a1 |/ 45 233 12.1

G0 1 52 45  Ind 25.4
= 0 2 1] 96 1.4 13.6
% m 2 1T 96 14 A08
2 a0 2 ]/ 96 D 518
G0 2 52 896 D 65.1
B0
=3 —_
] & N
> . S
[=a ] '_'? MG E
Ly - 50 O
< =
o I
= -]
3 45 Ny
. _—
3 " &
g o ;_.«% 40 cg
w Il sl 'E._Z'.J
oy ol
| @ 35
30

NG Demand A™ (bem/a)

['S= [1] results in adjustment of the solution space: LT-PL, LV-LT, PL-SK are eliminated |
GR-LNG, GR-BG are substitutes.

['S= [2] hits LNG supply, which has a reverberating effect on the projects aimed at bringing
gas north from the Adriatic region (GR-BG, HR-Sl, BG-SB).

The ARO solution generally entails fewer investments with decreasing supply.

29




Res. 4: ..

considering cold-winter gas demand spikes and investment budget

Seenario/TTB PCIs in Robust Expansion Plan Solution Info (MEUR/bem)
CAPEX TI'p Ty IBE LTPL DE-PL INLT BGSE HU-RO HUSl SIAT SK-HU PLSK HRSI GRBG GRIT TRBG IELNG HRLNG PLLNG GRLNG IB* AIC ATC 3 Cap
e gl 0 ] 196 432 [ 115
F 6l 0 A0 70 M9 v 14.3
L?-"" Kl 0 LE4] 587 4.l 1.3 rra
) Kl 0 inf 628 0 0 419
Iy =60 | 1B = 20 I =60 | 1B = 40 Iy =60 | 1B = 60 'p =60 | IB=INF
= . : :
j&d | bl - - - . - - -
o, - T p- o T a .
=T, * = 3 - -.‘F J F b - f 3 F b —F
o . _ P : ST i
| &2 s _,/_‘- : i L B . i . 1/
- - 5 ) g e 4
" 4 ] P 4 il -
i} . , = a -
o = = AT T Fa
¥ Fan e - . i e - o
| . . |.
i} 2 i3 n

NG Demand AT (bem /a)

AIC - the difference between the most expensive investment mix (when no constraint on
IB is imposed) and the optimal solution in each scenario.

ATC - the difference between the total costs (objective value of the subproblem) of each
scenario and the total costs of the solution absent the investment budget.

Thus:

value.

(a) ATC 2 AIC, i.e., investment decisions must have a positive (or zero) impact on the
objective value

(b) the model setup void of an investment budget yields by definition the lowest objective
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Res. 4: ... considering cold-winter gas demand spikes and investment budget

Seenar] 1o/ TTB PCIs in Robust Expansion Plan Solution Info (MEUR/bem)
CAPEX TI'p Ty IBE LTPL DE-PL INLT BGSE HU-RO HUSl SIAT SK-HU PLSK HRSI GRBG GRIT TRBG IELNG HRLNG PLLNG GRLNG IB* AIC ATC 3 Cap
2 gl 0 ] 196 432 [ 115
7 6l 0 A0 70 M9 v 14.3
L?"' Kl 0 LE4] 587 4.l 1.3 rra
) Kl 0 imf 628 0 0 418
Iy =60 | 1B = 20 I =60 | 1B = 40 Iy =60 | 1B = 60 'p =60 | IB=INF
= . :
m - E - - e .
o, - ) i g
= ; - \ ; B ; B 3
- ¥ I 4
; E - ._‘_../I‘- o i3 -; / ) i ./"' i a l/
"J = 4 \ -.- =
: 5 el eyl 50
a i . - - =
= 7 fdps /‘5—
Ji - ety "/l-./:
| . . . !
i} 2 1 i3 8 n

NG Demand AT (bem /a)
If IB = inf, the solution includes 9 PCI projects, among them 3 regasification terminals
and six pipeline interconnectors.
If IB = 20 MEUR, the ARO model prefers 4 projects (these are under construction!):
1. LT-PL to establish a physical interconnection between the Baltic States and Poland;

2. LV-LT to strengthen interconnection between Baltic States;

3. HR-LNG and HR-SI to provide access to LNG supplies for the Balkan region.
If IB =40 MEUR, IE-LNG is added to the investment mix.

If IB = 60 MEUR, HR-LNG and the chain of relevant pipeline projects (GR-BG and BG-SB)
is added.
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1. ARO allows for dropping assumptions that a finite number of uncertainty
realizations exist with respective (known) probabilities.

2. ARO is particularly suitable when decisions are costly and protection against
the worst-case scenario is a must.

3. ARO allows for robustness control.

4. Accuracy of ARO models generally does not depend on the accuracy of the
uncertainty description.

BTU CS — Chair of Energy Economics 32
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Summary (2): application Techmische Onfuersia

Cottbus - Senftenberg

1. Uncertainty in the European natural gas market is increasing — economic
rationale and necessity of PCIs to ensure security of supply are subject of
debate.

2. Proposed ARO model is particularly suitable to capture long-term
uncertainty in European gas market.

3. The robust solutions, which endogenously identify the stresses in the system,
indicate a consistent preference for specific projects, many of which are
currently in the final stage of development.

4. Results follow a general consensus that economic feasibility of PCls under
non-subsidized conditions is limited.

BTU CS — Chair of Energy Economics 33
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