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= Motivation. Why do we care about
energy system planning?

= Mathematical modeling and
optimization as decision support tools

= Strategic generation expansion
planning in liberalized electricity
markets

= Conclusions
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Why do we care about energy system planning?

Global surface temperature
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Illustrative emissions pathways to achieve a net-zero target in the EU
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E Climate neutrality in Austria: Renewable Expansion Law
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Challenges of decarbonization

= Social (e.g. notin
my backyard)

Modeling and optimization can serve as decision support tool.

Technical (e.g. reactive
power, system inertia)
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Modeling and optimization as
decision support tools
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Open-source tool for Low-carbon Expansion and
Generation Optimization (LEGO)

GitHub https://github.com/wogrin/LEGO
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Mathematical Formulation ... Hvdrogen production
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= Austria‘s electricity

Infrastructure:
= 1,304 generators
= 468 nodes

= 1,097 power lines
(110, 220, 380 kV)

= Model summary
= 900,000 variables
= 800,000 equations
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Case study: LEGO Austria

= QOptimization to achieve
goals of the EAG by 2030 &
climate neutrality by 2040.

= |EGO Austria has been
validated by comparing
produced electricity data for
2020 from Statistics Austria
and LEGO Austria model
results.

Produced Energie in TWh

=

Comparison Statistics Austria with LEGO Results
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Liberalization of electricity markets

The liberalization of electricity markets has complicated
the organization of the electricity sector.

Centralized framework: social welfare maximization;
versus liberalized electricity markets: private
entities maximize profits.

Many decision-making problems In a
liberalized power sector can be regarded as
a game In search of equilibrium solutions.
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Hierarchical decision making

The seguence in which decisions are taken,
can convert simple equilibrium games Into
complicated hierarchical equilibrium
problems.

An application of such hierarchical games in
electricity markets: generation expansion
planning. Results indicate that the game
structure drastically influences outcomes.

Examples: Wogrin, Sonja, Salvador Pineda, and Diego A. Tejada-Arango. "Applications of bilevel optimization in energy and electricity markets." Bilevel Optimization. Springer, Cham, 2020. 139-168.
Gabriel, Steven A., et al. Complementarity modeling in energy markets. Vol. 180. Springer Science & Business Media, 2012.
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Generation Expansion Planning Problem Statement

We have two identical firms (e.g. generation companies - GENCOs) with
perfectly substitutable products (e.g. electric energy), facing either a one-
stage or a two-stage competitive situation.

Two-stage situation (closed loop
model)

anticipating the second response market
stage, where... equilibrium.

Sonja Wogrin, Institut fir Elektrizitatswirtschaft und Energieinnovation/TU Graz Institut fir
02.02.2022 | = = Elektrizitatswirtschaft

und Energieinnovation



The Second Austrian Day of Women in Mathematics T

Grazm

Single-Level (SL) Investment Equilibrium

= All GENCOs simultaneously maximize their total profits (market revenues
minus investment costs minus production costs) subject to lower and
upper bounds on production and a demand balance.

Single-Level Investment Equilibrium Model

Firm 1 Firm i Firm |

MaX1 g1y Total Profits; " | Maxgi gy Total Profits; = I Maxg g Total Profits,
s.t. 0<= g, <= X11+K; s.t. 0<= gi <= XitK; s.t. 0<= g, <= X+K|

Market Clearing
Demand-Price Function
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Single-Level (SL) Investment Formulation

Concept:

W{ maxy.q  t(p(qi, q.i) — 8)qi — Bx;
S.T. gi < X;

d=gqi+q;. d=Dy—ap(qiq.i)
KK T-conditions:
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Bilevel (BL) Investment Optimization

= This model assists one GENCO in
taking capacity decisions while
considering the competitors’
Investments as fixed.

= This model is a Mathematical
Problem with Equilibrium
Constraints (MPEC).

= In the upper level investment
decisions of firm i* are taken.

Sonja Wogrin, Institut fur Elektrizitdtswirtschaft und Energieinnovation/TU Graz
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MPEC Model of Firm i*

Upper Level

Maxy+ Total Profits;-
s. i

Lower Level

Market Equilibrium
{pi qh A qi*, SRR qf}
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Bilevel (BL) Investment Equilibrium

EPEC Model of all Firms

= This model assists ALL
GENCOs in taking capacity

decisions.
A
m Th|s problem iS an MPEC Model of Firm i*
oo . . 4 N

Equilibrium Problem with Upper Level
Equilibrium Constraints ¥ ol Finlles
(EPEC): all GENCOs Leawer Level

. Market Equilibrium
simultaneously face an (P, Qi v G - )

o

MPEC. \
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Bilevel (BL) Investment Formulation

First Stage (Investment):

v ) maxy  t(p(qi, qi) = 0)qi — B
S.t. Second Stage

Second Stage (Production):

W{ maxg, t(p(gi.q-i) — 9)q;
S.T. di < Xi

d=qi+q.i, d=Dy—ap(qiq.i),
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Comparison Single- and Bilevel Equilibria

We compare (Wogrin et al, 2013) two generation expansion models:

= A single-level model where investment and production decisions are considered to be taken
simultaneously.

= A bilevel model where first investment decisions are taken and then sequentially production
decisions are decided in the market.

= The intensity of competition among producers in the energy market is represented using
conjectural variations.

= For simplicity, in each of the models we consider two identical generation companies, a one-year
time horizon and investment in one technology.

Sonja Wogrin, Institut fur Elektrizitatswirtschaft und Energieinnovation/TU Graz Institut fur
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Comparison Single- and Bilevel Equilibria

Let there be two identical firms with perfectly substitutable products and
one load period and let the affine price p(d) and the parameters be as
previously defined. When comparing the open and closed loop
competitive equilibria for two firms, we find the following:

The open loop Cournot solution, is a solution to the closed loop
conjectured price response equilibrium for any choice of the
conjectured price response parameter  from perfect competition
to Cournot competition.

« The result extends to multiple load periods and — under certain circumstances — to
asymmetric firms.
« This is an extension of (Kreps and Scheinkman, 1983).

Sonja Wogrin, Institut fir Elektrizitatswirtschaft und Energieinnovation/TU Graz Institut fur
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Numerical Example: 2 Load Periods
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Comparison Single-Level (SL) vs Bilevel (BL) - 2 load periods

Strategic Market Behavior 6
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Summary of Results and Policy Implications

The bilevel model always yields This makes them more realistic than
Cournot capacities independent of single-level models whose capacity
strategic spot market behavior. decisions vary with market behavior.

Therefore bilevel models are very

useful to study realistic generation Under certain circumstances (Cournot
expansion decisions and to evaluate market behavior) both single-level and
the effect of alternative market bilevel results can coincide.

designs for mitigating market power.

In bilevel models, more competition
can lead to less consumer surplus
and less overall market efficiency,
depending on the model parameters.
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Final Takeaways

= Climate neutrality poses a complex challenge

= Mathematical modeling and optimization can help via
techno-economic analyses

= And this is
“Fun with.Flags”

= We need young
people in/for science!

e T o e
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Thank you. Questions?

Univ. Prof. Dipl.-Ing. Dr. M.Sc. Sonja Wogrin
Technische Universitat Graz

Institut fur Elektrizitatswirtschaft und Energieinnovation
Inffeldgasse 18
8010 Graz

Tel.: +43 316 873 7900
E-Mail: wogrin@tugraz.at
Web: iee.tugraz.at

n facebook.com/iee.tugraz

m linkedin.com/company/iee-tugraz

a twitter.com/iee tugraz

(@) instagram.com/iee.tugraz
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