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Abstract
With the beginning of the liberalization process in the early 1990s, electricity markets headed into extensive changes. Moving away from vertically integrated monopolies, power delivery can nowadays be regarded
as consisting of several services, mainly including generation, transmission and distribution. The unbundling of the value creation chain is
a common feature of liberalized markets worldwide, although different
countries follow different schemes for market organization. While e.g.
parts of the United States, Singapore and Chile rely on centralized,
pool-based trading concepts, in continental Europe decentralized structures seem to receive higher attention. Nonetheless, crucial to all proposed market designs is the transmission network. Electricity grids exhibit large economies of scale and must be physically interconnected for
maximum trading efficiency, making the grid a natural monopoly within
a defined region. Although transmission access and tariffs are subject
to regulation, there is a growing need for market-based pricing concepts
in transmission networks. Ideally, these concepts give not only correct
economic incentives, but will also facilitate the physical operation of the
network. In this regard, congestion management and pricing methodologies have been subject to intensive research, as these methodologies are
crucial for the efficient operation of electricity markets. Looking at the
worldwide implementation of congestion management schemes, different
approaches can be identified. A pool-based or centralized market design
allows for the use of locational marginal pricing, zonal pricing concepts
such as market splitting or flow-based market coupling try to increase
market liquidity by still relying on centralized elements, whereas explicit auctioning of transmission capacity exhibits the lowest degree of
centralization, and thus, provides the greatest freedom to market participants. The different international implementation suggests that there
is no definite first-best congestion management system. Every scheme
ix
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Abstract

has to be evaluated with regard to the specific network topology, the
generation portfolio, the strategic possibilities of market players as well
as previous market developments, as in different countries there exist
historical factors influencing possible restructuring efforts.
The contribution of this thesis is the development and implementation
of an agent-based simulator for evaluating different congestion management methods in liberalized electricity markets. By modeling market
participants as adaptive agents in oligopolistic structures, the possibility of strategic behavior and the existence/exercise of market power is
explicitly considered. The simulator is capable of evaluating locational
marginal pricing, zonal pricing (market splitting and flow-based market
coupling) and explicit auctions. For the assessment of the congestion
management schemes, evaluation criteria are developed together with a
set of indicators regarding social welfare as well as market power. The
thesis is concluded with two case studies, the first analyzing a sample
network consisting of Switzerland, France and Italy, the second comparing agent-based modeling and Nash equilibria analysis as modeling
concepts for liberalized electricity markets.

Kurzfassung
Im Zuge der Liberalisierung der europäischen Elektrizitätsmärkte ist
es möglich geworden, sowohl national als auch international elektrische
Energie flexibel zu handeln. Erzeugungsunternehmen und Kunden in
verschiedenen Ländern können direkt Verträge abschließen oder elektrische Energie auf Strombörsen anbieten respektive ersteigern. Durch
die Erfüllung der abgeschlossenen Lieferverträge kann es zu grenzüberschreitenden Flüssen kommen, wobei die begrenzten Übertragungskapazitäten zwischen und innerhalb der betroffenen Länder berücksichtigt
werden müssen. Um Situationen zu vermeiden, in denen die Nachfrage
nach Übertragungskapazität die physikalischen Möglichkeiten des Netzes übersteigt, werden das Übertragungsnetz und die verschiedenen
Marktplätze mit Hilfe von Engpassmanagementmethoden aufeinander
abgestimmt. Dabei sind je nach Markt- oder Netzstruktur verschiedene
Konzepte implementiert. Während in den Vereinigten Staten, in Neuseeland, Singapore als auch Irland zentralisierte Engpassmanagementkonzepte favorisiert werden, kommen in Mitteleuropa dezentrale Modelle zur Anwendung, wie zum Beispiel explizite Auktionen. Die verschiedenen Ansätze zur Handhabung von Netzengpässen legen die Vermutung nahe, dass es kein absolut effizientes System gibt, sondern dass
verschiedenste Aspekte betrachtet werden müssen, um geeignete nationale als auch grenzüberschreitende Marktarchitekturen zu etablieren.
Eine zusätzliche Komplikation im Hinblick auf Modellierung und Analyse von Engpassmanagementkonzepten stellt das Risiko wettbewerbsverzerrenden Verhaltens durch bestimmte Marktteilnehmer dar. Bedingt durch zumeist vorherrschende Oligopolstrukturen kann es Marktteilnehmern unter Ausnutzung von Marktmacht möglich sein, Preisentwicklungen zu beeinflussen, um den eigenen Gewinn zu erhöhen.
Durch dieses Verhalten wird der Markt “unterwandert”, was zu Einbußen bei Versorgungszuverlässigkeit und Wohlfahrt führen kann.
xi
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Kurzfassung

Um derartiges antikompetitives Verhalten zu modellieren und zu verstehen, werden vermehrt Multiagenten-Systeme als eine Form von verteilter künstlicher Intelligenz eingesetzt. Mit Hilfe solcher Modelle können
Einblicke in das strategische Verhalten von Marktteilnehmern und die
Auswirkungen auf den Gesamtmarkt gewonnen werden. Insbesondere
im Hinblick auf die komplexen Strukturen und Abhängigkeiten in Elektrizitätsmärkten scheint ein dezentraler Modellierungsansatz, wie ihn
ein Multiagenten-System bietet, geeignet. In diesem Sinne leistet vorliegende Arbeit folgende Beiträge:
• Die Formulierung eines einheitlichen Modellierungsansatzes für
Engpassmanagementkonzepte als auch die Definition von qualitativen und quantitativen Kenngrössen zum Konzeptvergleich.
• Die Entwicklung eines Multiagenten-Systems zur Simulation und
Analyse von impliziten und explixiten Engpassmanagementkonzepten unter Berücksichtigung der Annahmen des perfekten Wettbewerbs sowie möglichen strategischen Verhaltens.
• Vergleich von Multiagenten-Systemen und Methoden der Gleichgewichtsanalyse im Hinblick auf die Eignung zur Modellierung von
Elektrizitätsmärkten als auch die Darstellung der Abhängigkeiten
beider Ansätze.

Chapter 1

Introduction
This chapter briefly states the objective and structure of the research
work. By describing the advancement of power systems from a former
monopoly industry towards a system of liberalized marketplaces, the research work is positioned within the context of historic prerequisites and
latest developments. Non-discriminatory transmission network access is
emphasized as key factor for liberalized electricity trade. In this regard,
so-called congestion management methodologies are introduced as crucial components of electricity markets worldwide. To study the economic
and technical properties of major international congestion management
schemes, the need for an appropriate simulation tool is stated. In a concluding section the development of such a simulation tool is described
as the main purpose of this thesis.

1.1

Changing Paradigms for Electric Power
Systems

In the second half of the 19th century researchers like Dolivio-Dobrowolsky, Wenström, Tesla and Brown contributed to the understanding of
generation, transformation and transmission of electric energy using alternating current (AC). The pioneering work on the basal principles of
modern AC power systems was soon approved by first sample systems,
e.g. 1891 in Frankfurt (234 horse-power generator and a 25 Kilovolt
1
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(kV) transmission line) as well as 1893 in Chicago (twelve 1000 horsepower generators, transformer and transmission line). At the same time
the first power suppliers began to adopt the idea of an alternating current power system. In the following decades, these companies dealt with
all steps of electricity supply being generation, transmission and distribution. This integrated view on power systems was also confirmed by
later advancements in generation technology. Thermal and hydro power
plants exhibited large economies of scale, i.e. the larger the plant size
the cheaper the production cost of energy. Thus, power systems historically evolved into structures with large centrally located power plants
and a highly meshed transmission network. In this context, it appeared
natural that one vertically integrated company would serve all elements
of the value creation chain. Through this integrated view utilities were
able to optimize the operation, maintenance and reinforcement of the
whole system. This structure persisted until the early 1990s, when the
power supply industries worldwide started to undergo extensive changes.
Electricity markets moved away from vertically integrated monopolies
towards liberalized structures. The value creation chain was unbundled
with generation, transmission and distribution being separated services,
no longer offered by one large utility but by several distinct providers.
The liberalization process was driven by economic as well as technological reasons. From an economic viewpoint it was argued that the
historic monopoly status of electric utilities lacks the incentive to operate efficiently. Consequently, it was suggested that introducing competition would improve operation and investment efficiency resulting
in an increase of overall social welfare and lower electricity prices.[1]
On the other hand, the introduction of the Combined Cycle Gas Turbine (CCGT) provided a technological justification for competition. The
CCGT technology allowed for smaller plant sizes, being at least as
economical as conventional thermal and hydro plants with their large
economies of scale.[2] These trends reinforced the argument that competitive structures can be introduced attracting new market players,
eventually resulting in a trading environment improving social welfare.
With the recently experienced series of mergers and acquisitions of major European utilities one may argue if the above reasoning still holds
true.1
1 These developments can be observed in several European countries . When the
German electricity market headed into liberalization in 1998 seven major utilities
served the market. By 2006 only four competitors remain. Additionally, in spring
2006 E.ON has shown interest in taking over the Spanish utility Endesa. A potential
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However, these developments did not influence the properties of energy
transmission and distribution. Transmission networks are still recognized as natural monopolies, with high fixed costs and comparably low
variable costs. “Electricity grids exhibit large economies of scale and
must be physically interconnected for maximum trading efficiency, making the grid a natural monopoly within a defined region.”[3] Or in other
words: one large company can transmit power at a significantly lower
price than several small firms, thus, eliminating the possibility for competition. Similar to other network-based industries, like railroads and
telecommunications conventional theory suggests that public authorities must supervise and regulate this natural monopoly. In the context
of electric power networks one crucial regulation objective is to ensure
a non-discriminatory access to the grid to facilitate unobstructed energy trade for all market participants. Hence, if a power producer and
a consumer want to settle into a contract upon the supply of a certain
amount of energy they should both be granted network access under
conditions applying uniformly to all players. Although the relevance of
this non-discriminatory network access is broadly recognized, there are
complications originating from economic as well technical properties of
the transmission network:
• Transmission resources in most networks are scarce. Certain transmission lines may be driven to their thermal or stability limits,
i.e. they are becoming ‘congested’. In order to avoid congestion,
transmission resources have to be allocated according to nondiscriminatory, market-based, transparent and feasible methodologies.
• Power flows in the network are governed by Kirchhoff’s laws. To
enforce an efficient power system and market operation, network
access rules and the allocation of transmission capacity have to
represent physical as well as economic system properties.
Thus, the problem is not only that market participants can access the
network but it also has to be clarified who is allowed to use how much
line capacity in order to avoid congestion. To provide answers to the
cross-country merger would create a multinational utility with assets throughout
whole Europe. (Involved countries are: Finland, Sweden, Poland, Czech Republic,
Slovakia, Bulgaria, Hungary, Romania, The Netherlands, Denmark, Belgium, the
United Kingdom, France, Spain, Italy and Germany). The merger would form the
world’s largest gas and electricity utility.

4
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above questions, so-called congestion management methodologies have
been developed which explicitly recognize the scarcity of transmission
resources and the interdependence of power system and market operation. This research field has received significant attention recently. Numerous publications have been made suggesting a variety of congestion
management schemes. Although all methodologies share the same objective, i.e. they aim at finding efficient allocation rules for transmission
capacity, concepts are highly diverse in terms of theoretical foundations
and practical implementation. This diversity can for instance be observed by looking at the different congestion management schemes in
different countries. Electricity markets in e.g. the United States, Australia, New Zealand, Singapore seem to follow structures almost complementary to the schemes used in major electricity markets in Europe.
The methodologies vary in terms of technical as well as economic system
properties.2 Therefore, it may appear difficult to identify a key driver
for this diversity. However, questions of market power and strategic
behavior of generation companies have been identified as one major
influence.3
As detailed in the paragraphs above, electricity markets are a compound
of energy and transmission markets, with the transmission system being
an indispensable physical prerequisite to energy trade. Recently, market
participants in e.g. Spain, California, the UK and Germany were suspected to exploit this dependency, trying to ‘game’ trades by driving the
transmission system to its limits, perturbing economic and technical operation and drawing unanticipated financial advantage. Generators may
to some extent be able to predict the consequences of possible production decisions and abuse this knowledge by artificially creating congestion in the transmission system. In that case, generators are regarded as
having market power, which allows them to intendingly distort trades.
In California this exercise of market power and resulting strategic behavior can be listed among the reasons leading to the complete breakdown
of the marketplace and the physical system in 2000. Although developments in other countries were not as dramatic, efforts have been made
to limit the strategic potential of market participants. Again congestion
management schemes play a vital role here by bridging the gap between
market and physical system operation. International experience shows
that congestion management schemes have been subject to constant
2A

detailed overview of the methodologies is given in chapter 3.
5 provides a more detailed description of market power and strategic
behavior.
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changes in order to reflect technological, economic and even political developments, ensuring both security of supply and market efficiency. The
process of continuous restructuring can for instance be observed with
the introduction of the New Electricity Trading Arrangements (NETA)
in the UK, the proposed revision of the Californian electricity market
and the inauguration of a German market regulator (Bundesnetzagentur). These developments emphasize the fact that electricity markets
are not static but may rather be regarded as a continuously evolving
compound of economic and technical components. In order to understand the dependency of these components as well as their evolution,
appropriate modeling and analysis concepts are needed. Ideally, such
concepts would allow for an ex-ante investigation of the overall system
by estimating possible developments in conjunction with certain structural changes, such as the introduction of new congestion management
schemes.
It is the objective of this thesis to develop a simulation and analysis
tool allowing for such an ex-ante investigation of major international
congestion management schemes, explicitly recognizing the existence of
market power as well as the interdependence of market and power system operation. The purpose of the work as well as the related structure
is further detailed in the following section.

1.2

Purpose of the Work

The previous section briefly introduced current developments in electricity markets. Transmission congestion management schemes have been
identified as linking element between physical and economic system
properties. Recent experience in international electricity markets has
revealed the potential for strategic behavior of market participants, i.e.
the exercise of market power. This anti-competitive behavior is a threat
to both power system and market operation. To limit market power and
strategic behavior, markets are being constantly developed and restructured. Ideally, the effects of such restructuring proposals are known prior
to their implementation, defining the need for an appropriate ex-ante
simulation and analysis tool. In this regard, the purpose of this thesis
is:
• To present an assessment framework to allow for the evaluation of
congestion management schemes in liberalized electricity markets

6
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developing a set of indicators related to overall social welfare and
market power.
• To apply the developed framework by implementing a simulation and analysis tool capable of assessing the interdependence
of power system and market operation, representing the properties of the transmission system as well as the market participants,
especially focussing on effects related to market power and strategic behavior.
• To contribute to the understanding of different electricity market
modeling concepts and their relationship, such as methods based
on game theory and agent-based computational economics (ACE).

1.3

Structure of the Work

The remaining chapters in this thesis are organized as follows:
• Chapter 2 defines fundamental design concepts of electricity markets and clarifies related terms and notions as used throughout
this thesis.
• Chapter 3 introduces major congestion management schemes as
implemented in different international markets. For the later assessment of relevant methodologies a set of evaluation criteria is
developed.
• Chapter 4 presents the economic and physical principles used to
model the different congestion management schemes. In a subsequent step the optimization models for the CM schemes are stated.
• Chapter 5 introduces the fundamental microeconomic concepts
used for the development of the simulation tool. The theory of
perfectly competitive markets is outlined and put in contrast with
the theory of oligopolistic competition describing effects related to
market power and appropriate modeling concepts.
• Chapter 6 describes the concept of agent-based computational economics, where it is outlined how this approach is adopted for modeling transmission congestion management schemes. In this context so-called reinforcement learning algorithms are presented as
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a possible approach to describe major agents (players) and their
interaction in liberalized electricity markets, such as generation
companies, loads and system operators.
• Chapter 7 presents the developed simulation tool. Simulation assumptions, general design and constituting components are illustrated using a practical simulation example. In a subsequent step
an assessment methodology based on welfare and market power
indicators is developed. Furthermore, the simulator is put in contrast with game theoretic (analytic) modeling concepts, where the
interdependence of the approaches is explicitly evaluated.
• Chapter 8 presents a case study of possible developments for a future Swiss electricity market accounting for the fact that Switzerland may be regarded as ‘hub’ in the Central European transmission system. A second case study examines the interdependence of
mulit-agent modeling and equilibrium analysis as modeling tools
for liberalized electricity markets.
• Chapter 9 concludes the thesis by summarizing the work, drawing
conclusions in terms of market design and congestion management
as well as modeling approaches for liberalized electricity markets
and indicating future research directions.

1.4

List of Publications

The thesis is based on the following publications:
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T. Krause, G. Andersson, D. Ernst, E. Vdovina-Beck, R. Cherkaoui, A.
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An Agent-based Simulator for Evaluating Congestion Management
Schemes in Liberalized Electricity Markets
IEEE Power Engineering Society General Meeting, Montreal, Canada,
2006.
T. Krause, G. Andersson, D. Ernst, E. Vdovina-Beck, R. Cherkaoui, A.
Germond:
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for Power Markets
Power Systems Computation Conference (PSCC), Liège, Belgium, 2005.
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Chapter 2

Definition of Concepts
Since the early 1990s electricity markets worldwide started to undergo
extensive changes and are still subject to redesign and restructuring.
With the process of re-organization various design concepts evolved. Although concepts may have similar features or may to some extent be
identical, they may be referred to different notions. As there is no unified ‘vocabulary’ of electricity markets, this chapter defines the terms
and concepts as used throughout this thesis.

2.1

Bilateral and Centralized Electricity
Trading

With the ongoing liberalization of electricity markets various design
concepts evolved. Although market rules in different national markets
exhibit different features, at least two main approaches for market organization can be distinguished: a) direct or bilateral trading of electrical
energy and b) centralized electricity trading.
According to the bilateral trade of electricity, market participants independently arrange power transactions with each other according to
their own financial terms. Economic efficiency is promoted by consumers
choosing the least expensive generators.[4] The bilateral approach gives
a great latitude for decentralized decision making. It is motivated by
9
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the concept of free market competition providing the customers with
‘direct access’ to the producer of choice.[5]
Whereas bilateral trade relies on the direct interaction of market participants, this is not the case for centralized trading models, where a common marketplace for energy trade is established. Market participants
use this marketplace, which is mostly organized as closed-order-book
auctioning system. In conjunction with centralized trading approaches
the terms spot market, pool market and power exchange are frequently
used. The following section defines the three concepts as used throughout this thesis.

2.2

2.2.1

Spot Markets, Pool Markets and Power
Exchanges
Spot Markets

The term spot market originates from investment science, where a spot
market is defined as a market where commodities are sold and bought
for immediate delivery. This differs from a futures market, where the
delivery will be made at a future date.[6] Thus, a crucial criterion to
distinguish spot markets from other market types is the time horizon.
future markets
yearly, monthly,
weekly contracts

spot markets
day-ahead

hour-ahead

real-time

Figure 2.1: Comparison of Future and Spot Markets
The term spot market in conjunction with liberalized electricity markets is generally used in the context of day-ahead, hour-ahead and realtime markets (figure 2.1), although the use of the terminology might
differ slightly. Several authors already refer day-ahead markets to as
futures markets.[7, 8] Hence, they only consider real-time markets as
spot markets, whereas most power exchanges refer to day-ahead trade
as spot trade.[1] In this section the common procedure of spot trade is
described, where the focus is on the operation of day-ahead markets.
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Specific features concerning the operation of hour-ahead and real-time
markets are neglected in this section. Spot markets for electricity are
usually organized as closed-order-book auctioning systems, where market players submit demand bids (load serving entities) and supply offers
(generation companies). The market operator receives these price and
quantity bids (offers) and subsequently clears the market, where the
equilibrium point of supply and demand determines the market clearing price1 (figure 2.2).
price

demand curve
pm
supply curve
qm

quantity

Figure 2.2: Pricing in a spot market with pm denoting the market clearing price and qm the market clearing quantity
[13]

According to [14] for the operation of spot markets four single stages
can be distinguished:
Bidding The time period for which the bidding is made, is usually
scheduled in hour or half-hour periods. For every interval, bids
(offers) can be transferred to the operator until a fixed deadline. Generators place their production offers in terms of price and
quantity. Consumers submit their bids relating to the demanded
load (resp. energy) and the maximum price they are willing to
pay.
1 A system where one clearing price applies to all participants is called a uniform
auction, as there exists only one uniform system price. In the context of strategic
behavior and market power mitigation alternative clearing rules have been discussed,
e.g. second-bid auctions, where the second-highest bid determines the clearing price.
In contrast to uniform auctions, in pay-as-bid auctions participants pay (are paid)
the prices of their actual bids (offers). Such a system is referred to as discriminatory
auction, as prices are discriminated among the players. See references [9, 10, 11, 12]
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Clearing When the orderbook is closed, the market operator calculates
the market clearing price (pm ) and the market clearing quantity
(qm ) for every scheduled interval. The market solution or equilibrium is set by the intersection of the supply and demand curves,
where the last unit produced sets the market clearing price also
referred to as system marginal price which is applied to every
dispatched unit (figure 2.2).
Physical Delivery After all trade has been settled, physical delivery
takes place. Generators and loads produce (consume) energy according to the outcome of the market clearing process.
Financial Transactions The last stage of the centralized trading approach refers to financial transactions. The buyers pay for the
consumed energy, whereas the market operator pays for the injected energy by the generators. To all dispatched participants
the system marginal price is applied.
The above stages characterize the operation of spot markets. Section
2.2.2 introduces the pool market concept and describes its relationship
to spot markets. In section 2.2.3 the operation principles of a power
exchange are outlined. These two concepts can be seen as specific implementations of spot markets, where the term spot market is generic
to both.

2.2.2

Pool Markets

The term power pool historically evolved from the first U.S. power
pool in the Pennsylvania-New Jersey area, which was founded in 1927
by three members. 1956 five signatories agreed to coordinate operations and planning as the PJM (Pennsylvania-New Jersey-Maryland)
Interconnection.[15] The main functions of a power pool are unit commitment, dispatch and transaction scheduling. The term power pool
gained further attention through the liberalization process of the UK
electricity market, where in 1990 a pool structure was introduced. All
suppliers had to sell their generation resources through the national
wholesale pool,[16] subsequently, the National Grid Company (NGC)
cleared the market by dispatching generation.
While the bidding process in pool markets may follow the general procedure, which has been characterized in section 2.2.1, the distinct feature
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of power pools is the unit commitment and dispatch function. In pool
markets the market operator, in charge of clearing the spot market(s),
is also responsible for network access and operation. Thus, the market is cleared explicitly taking generation and network constraints into
account. This concept is also referred to as tight pool.[17] It is different from the operation of power exchanges, where a simple merit-order
clearing is done without considering network constraints.

2.2.3

Power Exchanges

In the section above a power pool was described as an organization,
which offers several services to its members ranging from unit commitment to expansion and reinforcement planning. Power exchanges differ
from this concept as they rather facilitate short-term energy trade, but
“do not include economic unit commitment and dispatch, nor do they
provide for coordinated long-term planning.”[17] Thus, the power exchange operator is not necessarily concerned with network access and
operation. Power exchanges are for instance established in Germany
(European Energy Exchange, Leipzig), in France (Powernext, Paris)
and The Netherlands (Amsterdam Power Exchange).

2.3

Congestion Management and Independent System Operator

Chapter 1 described liberalized electricity markets as a compound of
technical and economic system parts. While the above described spot
markets aim at initiating and facilitating electricity trade among participants, the energy traded also has to be transmitted. Thus, transmission
and distribution services have to be offered by providing energy transportation to all buyers and sellers. In order to realize such transmission
services, the following functions have to be covered:
• non-discriminatory network access and scheduling of short-run use
by means of congestion management
• pricing of scarce transmission resources, i.e. determination of adequate fees for network usage
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• ancillary services, i.e. provision of spinning reserves, voltage support, black start capability etc.
• service and maintenance of existing network facilities
• expansion planning of the network demand

All functions may be regarded as equally important to market and system operation. However, in chapter 1 the purpose of this thesis has been
stated as the development of a simulation tool for congestion management schemes in liberalized electricity markets. Thus, issues related to
ancillary services, network maintenance and expansion planning are not
covered within the scope of this thesis.2 In the following, congestion
management schemes will be presented and evaluated, where congestion management can, in simple words, be defined as: managing the
transmission grid in case of congestion, with congestion being a situation where the planned demand for transmission services exceeds the
capabilities of the network.
To fulfil the above objectives in most markets a special entity, the socalled system operator exists. “This monopoly can be either a non-profit
or a for-profit-entity.”[21] The for-profit-entity is called TransCo (short
for transmission company). It owns, operates and manages the transmission system as a natural monopolist. A TransCo could maximize
its profit by withholding transmission capacities, thus it is heavily regulated.3 The other choice is to introduce a non-profit-entity, which is
usually called Independent System Operator (ISO) or Independent Grid
Operator (IGO). In contrast to the TransCo, the ISO does not own but manages - the transmission network. It does not have a motive to
withhold transmission capacities in order to maximize its profit. Thus,
it is only slightly regulated.
In the following, the term TransCo will be used for an institution that
owns and operates the network, whereas ISO refers to an independent
system operator.
2 The

reader may be referred to e.g. the following references [18, 19, 20].
general there are two approaches for the regulation of natural monopolies,
marking at the same time the extremes of the regulatory spectrum. On the one
hand there is cost-of-service regulation (COS), on the other hand there is perfect
price-cap regulation.
3 In
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Summary

The previous sections described major terms related to electricity markets as used in this thesis. Bilateral and centralized electricity trading
have been characterized as two approaches for organizing liberalized
markets. The term spot market has been introduced and distinguished
from future markets, where spot markets may be organized as power
pools or power exchanges. In most liberalized markets a system operator is in charge of network operation and pricing. Depending on the
organizational form, this may either be a TransCo (often found in Europe) or an ISO (predominantly found in the US)[22].
Based on the above definitions, chapter 3 discusses congestion management methodologies in conjunction with specific market structures. Furthermore, it is described how the respective market designs in conjunction with the congestion management methodologies are implemented
within the scope of the simulator.

Chapter 3

Conceptual Overview
Congestion Management
This chapter provides a conceptual overview of congestion management
methods. It is emphasized that congestion management schemes have to
be evaluated in conjunction with overall market design, where different
generic market organizations allow for different congestion management
methodologies. Furthermore, a set of evaluation criteria is defined making it possible to assess and compare the schemes.

3.1

Introduction

In chapter 1 congestion management methodologies have been identified
as crucial component of overall market design. CM schemes have been
continuously developed to increase market performance, by e.g. facilitating efficient network usage and limiting strategic participant behavior and market power. Although international congestion management
practice appears highly diverse, a set of major schemes can be identified sharing the same attributes. These schemes are locational marginal
pricing (LMP), zonal pricing (market splitting and flow-based market
coupling), uniform pricing and concepts relying on explicit auctioning
of transmission capacity. The concepts are strongly connected to overall
market design,[23, 24] hence, in the first part of this chapter, generic
market structures are described, followed by a conceptual overview on
17
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congestion management schemes together with a qualitative evaluation
of the schemes using assessment criteria stated in the EU regulation on
cross-border trade.

3.2

Generic Market Structures

In the following, characteristic market structures are described. The
overview is organized according to concepts derived from a power pool
(sections 3.2.1 and 3.2.2) and concepts rather relying on decentralized
trading approaches (section 3.2.3).

3.2.1

Power Pool and Financial Bilateral Trading

Figure 3.1 depicts a market structure where physical energy trade is
allowed only through a mandatory power pool.
seller 1

seller i
$

MWh

seller m

$

$

MWh

MWh
power pool

$

$
MWh

buyer 1

$
buyer j

MWh
buyer m

Figure 3.1: Mandatory Power Pool
[13]
No direct transactions between sellers and customers are possible. The
system price is calculated based on the bids from generators and loads
the pool operator receives. This procedure is consistent with the approach described in [25], where the pool dispatch and the transmission
wires are claimed to be distinct essential facilities. Hence, the pool operator carries out all functions related to the centralized marketplace
(the pool) but beyond it also fulfils objectives as a system operator by

3.2. Generic Market Structures

19

obeying generation and network constraints, i.e. performing unit commitment and dispatch. In a mandatory pool model no physical, bilateral
transactions are allowed besides the pool.1 Mandatory power pools are
implemented in Singapore and Australia. In Ireland the concept is proposed to be introduced in the near future.

3.2.2

Power Pool and Physical Bilateral Trading

Figure 3.2 depicts a market structure where generators and loads either
settle into bilateral contracts or trade energy through the pool.
bilateral
contracts
generators
loads
transmission
notification
short-term
power purchases

power pool

short-term
power purchases

Figure 3.2: Power Pool with Physical Bilateral Contracts
[13]
In contrast with the market design described in the previous section,
physical bilateral contracts are explicitly allowed. If generators opt for
self-scheduling according to their bilateral transactions, they have to
notify the pool operator about the points of injection/withdrawal of energy. If, on the other hand, generators bid to the pool’s spot markets the
pool operator will carry out unit commitment and dispatch functions.
This structure is suggested by the US Federal Energy Regulatory Commission (FERC) as standard market design (SMD). It is implemented in
the Pennsylvania-New Jersey-Maryland (PJM) Interconnection, in New
York and New England and scheduled for introduction in California.
1 One common method allowing the hedging of price risks in such a market structure, is the use of contracts for differences (CfDs).CfDs are of complete financial
nature. “If two traders wish to make a bilateral transaction for some quantity q at
a price p at some future time, they may enter into a CfD.”[26] The buyer pays the
seller q(p − ps ) where ps is the system price and p the contract price. The net payment involved amounts to pq. Crucial to CfDs is the underlying spot market, where
the purpose is to eliminate uncertainty in temporal spot price variations.[26]
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3.2.3

Decentralized Market Structures

The structures described in sections 3.2.1 and 3.2.2 premised the existence of a pool operator whose main objectives are to make the pool
market work and to ensure the reliability of the transmission network
by scheduling network services. Although both functions are strongly
connected and Hogan concludes in [25] that they are very likely to be
carried out by one entity, a different approach is conceivable. The operation of a day-ahead spot market may be separated from network
operation (see figure 3.3). Although the ISO may still run hour-ahead
and real-time spot markets to keep the system in balance and relieve
congestion, day-ahead spot markets may be run by different entities.
Scheduling coordinators (SC) ‘pool’ a variety of generating resources to
meet the combined loads of multiple customers.[27] Additionally, they
are in charge of balancing generation and demand of market participants
in a certain area and submitting the preferred schedules to the ISO.
Employing coordinators for a number of loads and generators means
improving efficiency of the regional network usage, whereas the ISO is
responsible for optimizing the grid as a whole. Thus, both entities are
associated with the coordinating of the transmission services.
Generally, electricity trade in a decentralized market structure allows
the following transactions (see figure 3.3):
1. Generators (Gi ) and loads (Li ) may settle into physical bilateral contracts (1) and subsequently notify scheduling coordinators
(SC) about their physical portfolios.
2. Generators (Gi ) and loads (Li ) may trade energy through the
day-ahead market at the power exchange (2).
3. Generators (Gi ) and loads (Li ) may participate in the balancing
(real-time) market of the ISO (3).
In order to ensure efficient network use, a mutual information exchange
is necessary between scheduling coordinators, the power exchange and
the ISO.
A similar decentralized market design is to be found in Germany and
was proposed for California2 before the energy crisis in 2000/2001. Ad2 Eventually,

all incumbent generators had to sell their energy through the power
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ISO
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Figure 3.3: Decentralized Market Design
ditionally, the Nordic system may be regarded as following a decentralized approach, as there is no central scheduling or dispatching entity. Scheduling is the responsibility of individual generating companies,
where there is only a common power exchange (Nord Pool).[23]

3.2.4

Summary

The above described models may be seen as specific implementations of
four general design principles for electricity markets:[28]
1. Wholesale competitive generators bid to supply power to a single
pool. Load-serving companies buy wholesale power from the pool
at a regulated price and resell it to the retail loads.
2. Wholesale competitive generators bid to supply power to a single
pool, while load-serving companies then compete to buy wholesale
power from the pool and resell it to the retail loads.
3. Combinations of (1) and (2) with bilateral wholesale contracts
between generators and load-serving entities.
4. Combinations of all three previous principles plus contracts between all entities and retail loads.
exchange. As a result the Californian model became known as power pool, although
the structure was not a pool in the sense that the system operator provided unit
commitment and dispatch of generation.
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In the next sections, CM concepts are described, where the interdependence of market design and CM methodologies are pointed out. Section
3.3 provides an introduction to CM. Section 3.4 details the methodologies ranging from uniform, zonal and nodal pricing to the auctioning of
transmission capacity.

3.3

Fundamentals of Congestion Management

In a recent report by the European Commission Directorate-General
Energy and Trade it is concluded that “one of the main targets of the
liberalization of the electricity supply sector in the European Union
is the creation of a truly Internal Electricity Market”[29], where the
limited cross-border transmission capacities have to be allocated in an
efficient way to deter international electricity trade as little as possible.
The efficient allocation of scarce transmission capacity is one of the
main tasks of congestion management, which comprises all actions and
measures applied to handle network access in the presence of congestion.
In addition to capacity allocation, CM methodologies may also allow for
alleviating congestion in real-time. The concepts can be distinguished
as follows:
Capacity Allocation Meth.
Locational Marginal Pricing
Zonal Pricing
Market Splitting
Flow-based Market Coupling
Uniform Pricing
Explicit Auctioning

Capacity Alleviation Meth.
Generation Redispatching
Buy-Back or Countertrade

Table 3.1: Major Capacity Allocation and Alleviation Methods
Capacity allocation methods aim at allocating transmission capacity
before the physical delivery of the energy takes place. Capacity alleviation methods are also referred to as remedial actions. When using these
methods, market parties are not directly notified of the existence of
congestion. Free trade is allowed, where the ISO takes actions in order
to relieve possible congestions. Capacity alleviation methods may also
be used in real-time markets, if congestions have to be relieved immediately. Figure 3.4 displays the different phases of congestion management
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according to [29], where all applied concepts should generally meet the
following requirements [30].
• not discriminate: Each market participant - be it a consumer or
a producer - should be treated equally and the price for a specific
good at a specific place and time should be the same for everybody.
• give economic signals: The method should give incentives to producers, consumers and the network operator to improve the systems in order to relieve transmission constraints.
• be transparent : The implementation should be well defined and
transparent for all participants.
• be feasible: The available resources (information, computer systems) need to be capable of producing the necessary quantitative
results in the time frame available.
• be able to interact with other systems: In a real system the surrounding TSOs and their specific methodologies have to be taken
into account. The implemented system needs to interact with
other systems.
bids
reservations
determination
of available
transmission
capacity

dispatch
schedules

capacity
allocation

congestion
forecast

if required
congestion
alleviation

Figure 3.4: Phases of Network Access with Respect to Congestion
[29]

The requirements above comply with the criteria outlined in [29]. Special
emphasis is put on the claim for market-based congestion management.
Thus, two currently used CM methods are excluded from assessment as
done in [29]. First-come-first-serve and pro-rata methods fail to meet the
above listed criteria. Neither first-come-first-serve nor pro-rata methods
take into account the willingness to pay. Thus, it can not be ensured
that market participants with a high valuation of transmission capacity
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will indeed be scheduled, which would appear efficient or at least appropriate in an economic sense, i.e. maximizing social welfare by respecting
the individual willingness to pay. For further evaluation the following
capacity allocation methodologies remain: locational marginal pricing,
zonal pricing (market splitting and flow-based market coupling), uniform pricing as well as explicit auctioning. The main characteristics of
these approaches are outlined in the ensuing sections. The methodologies are evaluated taking into account the above described generic market structures as well as the above listed set of criteria, with regard to
implementation issues and feasibility in conjunction with specific market rules.

3.4
3.4.1

Capacity Allocation Methods
Locational Marginal Pricing

The general idea of locational marginal pricing3 is to 1) model an electricity market with its various economical and technical specifications,
such as generators’ cost functions, demand elasticity, generation limits (individual and overall), power flow limits etc. and 2) optimize the
system, which is synonymous with maximizing social welfare. One crucial outcome of the optimization procedure is the price at each node,
the so called nodal price. It reflects the temporal and local variations
of the energy price relating to the energy demand. The methodology
comprehends that electricity has not only to be generated, but also has
to be delivered to a particular node, taking into account transmission
constraints and electrical losses.
Locational marginal pricing can be seen as fully coordinated implicit
auction.[22] Generators and loads do not explicitly participate in auctions for transmission capacity. Capacity is implicitly allocated through
bids for production/consumption at a specific location (bus). Nodal pricing is often used in conjunction with a pool-based market design. The
ISO collects all bids and is then in charge of clearing the market by
maximizing social welfare while satisfying network constraints, where
the mathematical model for nodal pricing is presented in section 4.4.
3 In the following the terms locational marginal pricing and nodal pricing are used
synonymously as both refer to the same congestion management concept.
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Three-Bus-Example
For a simple discussion of the nodal pricing mechanism the network in
figure 3.5 is considered, where losses in the example are neglected. In
this context, locational marginal pricing may be considered as leastcost dispatch, i.e. the objective is to satisfy the demand for electrical
energy at lowest possible cost, where potential limits for production or
for transmission are taken into account.
$25/MWh
G1

$45/MWh
G2

bus 1

bus 2

bus 3

Figure 3.5: Example Network for Nodal Pricing
The example uses a network comprising two generators - one located at
bus 1 and the other located at bus 2 - and one load connected to bus
3. To simplify, it is assumed that generators do not behave strategically
and reveal their true marginal cost of production. Thus, both generators would bid to the system operator showing their willingness to
produce at their marginal cost of $25/MWh (generator 1) respectively
$45/MWh (generator 2). Given a load of 1000 MW at bus 3 the system
operator now tries to satisfy demand at the lowest possible production
cost. When there are no generation or line constraints, it is obvious that
the cheapest generator (located at bus 1) will produce all the electrical energy demanded by the load at bus 3. The price of energy at all
buses (nodes) will therefore adjust to $25/MWh. Subsequently, there
will be no producer benefit (defined as the difference between revenue
and cost). Generator 1 sells its energy at the marginal cost of 25 $/MWh
and Generator 2 is not dispatched.
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The situation is now modified by setting the generation constraint for
generator 1 to 750 MW and for generator 2 to 500 MW. The lowest
cost will be reached, when generator 1 produces up to its limit of 750
MW and generator 2 supplies the remaining output. This will result in
an energy price at all buses of $45 per MWh, as the next MWh will be
produced by generator 2 with a marginal cost of 45$/MWh. In contrast
with the situation with no generation limits, generator 1 will now collect
a benefit of 15000$ as the price at bus 1 is 45$/MWh4 and the marginal
cost is $25/MWh. Generator 2 does not make a profit as it sells the
energy at its marginal cost.
Considering one last situation, now an active transmission limit is imposed on the line connecting bus 1 and bus 2, where all lines in the
system have the same impedances. The nodal price at bus 3 will then
adjust to $35/MWh whereas the prices at buses 1 and 2 are determined
by the marginal generation cost at the respective buses. No producer
benefit can be gained. The explanation is as follows: If there was a load
at bus 1 or 2 it would only be possible to feed it from local generation. Additional generation at other buses would cause the line from
bus 1 to 2 to exceed its thermal limits because of the existing congestion. Thus, withdrawing energy at bus 1 (2) would cost 25 $/MWh (45
$/MWh), which reflects the marginal cost of generator 1 (2). If the demand at bus 3 is increased by 1 MWh, generator 1 and 2 have to supply
0.5 MWh each in order to cause no additional flow on the line from
bus 1 to bus 2. This results in an energy price of $35/MWh at bus 3
(0.5 · $25/M W h + 0.5 · $45/M W h). Eventually, the above example leads
to the following conclusions:
• With no congestion in the network, the price for electrical energy
is equal at all nodes. In this case transmission resources are not
scarce, and thus, the electricity price reflects only the scarcity of
production resources.
• In the presence of congestion, electricity prices are likely to vary
from node to node, reflecting that energy has to be produced and
transmitted.
• If transmission resources are scarce market participants implicitly pay for the usage of the grid, allowing the system operator
to collect a revenue (a rent). In the above example this revenue
4 Indeed

the energy price is 45$/MWh at all buses in the system.
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amounts to 5000$, as the ISO buys energy for 30000$ ($25/M W h·
750M W h + 45$/M W h · 250M W h) and sells it for 35000$.
The relationship of the above qualitative model and the mathematical
formulation of locational marginal pricing is detailed in section 4.4 .
Locational Marginal Pricing and Generic Market Structures
The previous section introduced locational marginal or nodal pricing,
which establishes different energy prices at different nodes within the
network. Nodal prices are determined by a system operator, who tries
to maximize social welfare obeying generation as well as network constraints. For the implementation of the concept, production and network
data have to be known to the system operator. The information needs
can be easily satisfied in an vertically integrated industry structure,
whereas in a liberalized environment auctions are a common way of
providing the relevant data. Generators and loads bid their willingness
to produce (consume) in an auction supervised by the system operator.
The procedure follows the previously outlined spot market rules. The
system operator then performs a security constrained unit commitment
(SCUC) and dispatch. Thus, nodal pricing as well as other marginal
pricing methods are above all suitable for integrated market structures,
such as pool markets. Only in pool markets the specific information
needs for the optimization process can be satisfied.
Qualitative Assessment of Locational Marginal Pricing
In section 3.3 a set of criteria has been defined in accordance with the
current regulation of the European Union. The requirements, as listed
in section 3.3, are as follows: CM schemes should not discriminate, give
economic signals, be transparent, be feasible and be able to interact with
other systems. Locational marginal pricing in general matches these criteria. It does not discriminate among market participants. Prices apply
equally to all participants at the same location. Nonetheless, LMP provides economic signals by defining a location specific price - the nodal
price, reflecting the cost of production and transmission. Nodes with a
high electricity price (as a signal of high demand or low supply) will
attract new production companies in order to profit from this price
advantage, on the other hand increasing supply and lowering prices
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eventually. Thus, the scheme gives economic signals. LMP can be regarded as transparent as it is defined through a precise mathematical
optimization problem (see section 4.4). Its feasibility has been proven in
the PJM-Interconnection, in New York, New England, New Zealand and
Singapore. It is proposed as FERC standard market design in the US
and scheduled for implementation in Ireland. As with LMP generation
and transmission are assigned an explicit price, it appears feasible to
pass on this pricing signals to neighboring systems in order to interact.
It can be concluded that locational marginal pricing is a major congestion management scheme and it furthermore satisfies the criteria
demanded by the European Union for market-based congestion management schemes and therefore will be modeled within the scope of the
market simulator.

3.4.2

Market Splitting

Introduction
Zonal pricing - in accordance with nodal pricing - establishes different
electricity prices for different locations in the network. In contrast with
nodal pricing, where prices in the case of congestion might differ for
every node, for zonal pricing a group of nodes is aggregated to one
zone.5 These zones are mostly defined a priori as the concept focusses
on certain flowgates, which may be subject to congestion. An example
is the Norwegian system, where the system operator splits the national
transmission system into two zones (North and South) in the case of
congestion. If the demand for transmission services does not exceed
system capabilities, different network zones are not established, and
thus, there is only one clearing price for the whole network. In the
following the market splitting procedure is described. Note that market
splitting and zonal pricing in the Scandinavian context are also referred
to as area pricing.
Market Splitting Procedure
Although for market splitting a central dispatch or unit commitment is
not necessary[23], it “requires organised electricity exchanges on both
5A

group of nodes might be also be referred to as super-node.[30]
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sides of each congested connection, or an exchange that can serve both
sides.”[31] Generators and loads in each zone bid into the power exchange(s), the system operator(s) and the market operator(s) are then
in charge of coordinating actions for the market splitting procedure,
which is explained using the topology in figure 3.6.6
max
Pab

Zone A
price
A
PD

Zone B
price

A
PG

price
B
PGnew

B
PG

A + PB
PD
D

pb
pu
pa
A
PDnew
max
Pab

Power P

B
PD
max
Pab

A + PB
PG
G

Power P

Power P

Figure 3.6: Example Market Splitting
Within the network, two zones have been identified, as the transmission
line (the flowgate) connecting the zones may be subject to congestion.
max
The transmission line has a maximum capacity of Pab
. In zone A generation facilities with low marginal costs are located (e.g. hydro plants),
whereas in zone B there are major load centers with little excess supply.
A
Generators and load bids in each zone are given by PGA , PD
, PGB and
B
PD . For the first step of the market splitting procedure, the market is
cleared as if there were no transmission constraint. Thus, there will be
u
one price pu for the whole market. If the lineflow Pab
in this unconmax
strained case exceeds the maximum lineflow Pab , the market will be
split. The market operator now maximizes arbitrage trade, i.e. utilizes
max
the transmission capacity up to the limit of Pab
. Thus, it buys energy within the low-price zone A and sells energy to the high-price zone
B. These activities may be regarded as a shift of demand and supply
curves in zone A and B. The new demand curve in zone A is given by
the following horizontal addition (a shift to the right along the x-axis
in figure 3.6):
A
A
max
PDnew
= PD
+ Pab
6 The

example is taken from [23].

(3.1)
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Hence, the supply curve in zone B is defined through (a shift to the
right along the x-axis in figure 3.6):
B
max
PGnew
= PGB + Pab

(3.2)

The transmission capacity between the two zones is now fully utilized.
Due to the arbitrage trade between the zones, the price in zone A increases to pa and the price in zone B decreases to pb , which corresponds
to an increase in overall social welfare. As the market operator (or the
system operator) buys in the low-price area and sells in the high-price
area, it collects a congestion rent. As in the nodal pricing system, the
rent may be used to invest into the grid or may be allocated among the
participants.
Market Splitting and Generic Market Structures
The Scandinavian countries give a working example of zonal pricing, emphasizing that no central dispatch and unit commitment is necessary as
in the case of nodal pricing. The Nord Pool system comprises Norway,
Sweden, Finland and Denmark. There is one central power exchange
and three transmission system operators (the national grid companies).
In [23] it is stated that “the fact that scheduling and dispatch is left to
the market participants on the basis of individual profit maximization,
brings the Nord Pool solution closer to a real free market than other
deregulated system.” Nevertheless, in [31] it is outlined that market
splitting “either requires organized electricity exchanges on both sides
of each congested connection, or an exchange that can serve both sides.”
Furthermore, there is a need for coordination between transmission system operators and power exchange operators. While the latter will at
least be in charge of collecting the bids, the TransCos have to notify
the power exchanges about available transmission capacity. Hence, the
shift from locational marginal pricing towards the more decentralized
zonal pricing apparently incorporates a higher degree of coordination
and transaction among market entities.
Qualitative Assessment of Market Splitting
By assessing market splitting using the criteria defined in section 3.3
it becomes obvious that locational marginal pricing and market splitting share a set of common features. Zonal pricing as nodal pricing
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is an implicit auctioning concept, as no explicit bids for transmission
capacity are made. Capacity is allocated implicitly by the bids of the
generators/loads in their respective zones and by the system operator
maximizing arbitrage trade. In accordance with LMP, market splitting
is non-discriminatory, it sets economic incentives by establishing different prices for different areas (zones), and thus, provides locational
investment incentives. It appears to be transparent as it is defined by
a unique algorithm. In contrast with the below described flow-based
market coupling no simplifications of the network are made. Hence,
market splitting precisely represents the technical characteristics of the
transmission grid. Market splitting is regarded to improve market transparency and observability as it decreases complexity in contrast with
LMP. Furthermore, it is an appropriate example of how different market places can interact with each other. As market splitting meets the
congestion management criteria of the European Union and it is used
in a major European market it will subsequently be implemented for
the simulator.

3.4.3

Flow-based Market Coupling

Introduction
In section 3.4.2 market splitting was described as CM concept, where
the network is split into price-zones in the case of congestion on certain
flowgates. The proposal of flow-based market coupling (FBMC) evolved
from this market splitting concept. FBMC’s objective is to coordinate
market operation at the day-ahead stage.[32] Despite the assumption
that with market splitting the establishment of different zones is only
necessary in the case of congestion, the proposal assumes that the European system can be operated as a number of single-price regions,
which will be linked through market coupling. Thus, market splitting
and market coupling share to some extent the same principles, only the
pre-conditions are different, with the European system being historically
‘split’ and now evolving towards a coupled system. Nonetheless, from
this pre-condition a crucial difference arises. FBMC “does not have an
integrated market to start with, but only a set of independent markets
[...]”[33]. FBMC includes two clearing processes. First, the energy market clearing, where the power exchanges in each zone establish a clearing price dependent on net imports, and second, the import and export
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trades via the interconnections.[33] Nonetheless, market coupling is an
implicit auctioning concept as there is no separate bid for transmission
capacity. The characteristics of FBMC are outlined in [32]. FBMC is
designed to be able to coexist with forward energy markets and explicit
transmission capacity markets.
Although ETSO and EuroPEX agreed on FBMC as one way of crossborder congestion management, the proposal provides a list of still outstanding issues, such as the development of a simplified transmission
model and its consequences, the development of the coordinating algorithms, the definition of performance measures etc.[32]
A discussion on the formulation of algorithms and the adaption of market splitting in the highly meshed European network can be found in
[34]. Special attention is paid to the integration of transmission bids into
the concept, as “at short term time horizon, day-ahead for instance, energy spot market and bilateral trade compete to use the short term slice
of transmission facilities through congested networks.”[34] The report
concludes that “Transmission bids can be included in a market splitting process7 .”[34] The report also provides an algorithm formulation
of market coupling using a centralized optimization routine. The objective is to maximize social welfare, subject to zonal power balance
constraints, interface power flows and generation limits. A description
can be found in [34]. The algorithm is derived from the assumption of
a centralized process with all data being available and one entity being
responsible for operation. In the following, this algorithm will be partially used. However, for the implementation of the concept, “a number
of physical, structural and market based obstacles”[34] remain, such
as a highly meshed network where the location of congested lines may
change, the interdependence of net transmission capacities as well as
market participants trading bilaterally.
Market Splitting vs. Flow-based Market Coupling
Above the fundamentals of market coupling have been presented. In
accordance with market splitting, FBMC is a zonal pricing method
establishing one price for a group of nodes (a zone). As FBMC has
not been implemented in practice yet, no unique representation can be
7 By the time of publication in 2002, the proposed concept was referred to as
market splitting

3.4. Capacity Allocation Methods

33

found in the literature. Within the scope of the proposed simulator,
the formulation described in [33] and [34] is adopted. In accordance
with the suggestion by ETSO [32] and the regulation of the European
Directorate-General Energy and Transport, in [33] the following key
features of FBMC are identified:
1 Price zones follow country borders.
2 Intrazonal flows are not represented.
3 Cross-border lines are aggregated into one equivalent interconnector for each neighboring country (zone).
Feature 2 defines the first fundamental difference in relation to market
splitting. As intrazonal flows are not represented, intranational networks
are not modeled within the scope of FBMC. This is not the case for
market splitting, where a full grid representation is used to describe
the transmission system.[33] Feature 3 leads to another simplification
of the grid. Only one flowgate between neighboring countries is allowed.
Thus, the network has to be further simplified, where this simplification
might not be possible in a unique way obeying the laws of physics. The
obtained equivalent may even to some extent misrepresent the original
network as discussed in [33]. Nonetheless, the simplified network model
has to be determined to maximize the flow on the interconnection8 ,
without violating the operational constraints in the ‘real’ network. The
above considerations lead to the following features of FBMC:
1 Both concepts - flow-based market coupling as well as market
splitting - are zonal congestion management concepts.
2 In contrast with market splitting, flow-based market coupling is
based on the assumption of independent markets with the system
being ‘naturally’ split.
3 In contrast with market splitting, FBMC is based on a simplified
model using copperplate representations of each national market.
8 This objective is stated in article 6, paragraph 3 of the Regulation (EC) No.
1228/2003 of the European Parliament and the Council.[35]
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FBMC and Generic Market Structures
In [32] the need for a regulatory/contractual framework is pointed out,
which includes ‘multilateral arrangements between power exchanges to
govern the use of cross-border capacity’, as well as, ‘multilateral arrangements between TSOs to calculate the capacities and flow distribution factors (including the setting up of any central service providers)’.
The proposed framework allows the coexistence of power exchanges and
transmission system operators, which is different from the restructuring
developments of the US East Cost, where a pool operator fulfils both
functions. However, for modeling purposes the centralized formulation
as provided in [33] and [34] is used.
Qualitative Assessment of Flow-based Market Coupling
As flow-based market coupling is based on the theory of zonal prices, in
general the assessment exhibits findings similar to those stated for market splitting. FBMC provides economic incentives, appears to be transparent, feasible and non-discriminatory. However, one major drawback
is the need for simplified network models. The performance of FBMC
is obviously dependent on the quality of the simplification introducing
a certain degree of arbitrariness. Nonetheless, FBMC is put forward by
the Association of European Power Exchanges (EuroPEX) and ETSO
as it especially aims at the integration of the different market places
and in overall satisfies the requirements stated by the regulation on European cross-border trade. Therefore, flow-based market coupling will
be considered in the scope of this thesis.

3.4.4

Uniform Pricing

Introduction
The previous sections have shown that for zonal pricing certain areas
in a network are aggregated to predefined price-zones. In these zones,
prices are not distinguished node by node, but are unified. Following
this evolution one may regard the whole network as one price-zone. This
concept is referred to as uniform marginal pricing (UMP). It was implemented in the pool-based England and Wales market, in the 1997 PJM
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market and the phase-1 ISO New England market.[36] The characteristics of UMP are described in the sections below. The description follows
the structure outlined in [36], where it becomes obvious that uniform
marginal pricing is only efficient in the absence of congestion. Otherwise an uplift payment is necessary, which is not regarded as providing
economic efficiency. This uplift payment will not be used as marketbased signal to relieve congestion, but it is intended to cover the cost of
congestion relief.9 Congestion relief in this model may be achieved by
curtailment and redispatch methods.
Uncongested Network
For the description of uniform marginal pricing (UMP) figure 3.7 is used.
First, no transfer limit is imposed. According to [37] in a UMP-model
two stages can be distinguished: market dispatch (MD) and congestion
redispatch (CR). In the MD phase only one zone exists, and thus, no
constraint interfaces are considered, whereas in the CR phase generation is redispatched following the adjustment rules of the ISO. This CM
approach may also be characterized as a capacity alleviation method,
as in the MD stage market participants are not notified of congestion,
but in a subsequent step the ISO takes remedial actions (such as redispatching) for congestion relief.
For the example given in figure 3.7 in the MD phase, the ISO will purchase all energy from generator 1 at a price of $10/MW. This conforms
with a least cost dispatch. As there is no active line limits, and thus
no congestion, a CR phase is not necessary. All participants pay (are
paid) the same system marginal price. The system faces no physical
difficulties and the dispatch is regarded to be efficient.
200 MW @ $10/MW

50 MW @ $20/MW
G2

G1
50 MW

Transfer Limit

150 MW

Figure 3.7: Example Uniform Pricing
9 In the England & Wales pool market, the uplift payment also included other
components.
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Congested Network
For the description of UMP in a congested network again figure 3.7 is
used, where the transfer limit of the transmission line is set to 100 MW.
The outcome of the MD phase for the congested system matches the
outcome in the uncongested case. The market clearing will deliver a
solution, where all energy is purchased from generator 1 at a price of
$10/MW. This dispatch leads to congestion and makes the CR phase
necessary. The ISO may relieve congestion by ‘constraining off’ generator 1 by 50 MW and ‘constraining on’ Generator 2 by 50 MW. Due to
the difference between the unconstrained and the constrained schedule
the ISO faces additional cost of 500$ (50M W · ($20/M W − $10/M W )).
This additional cost (payments) are also referred to as operational outturn [38]. Generally, “stations in an ‘export constraint’ region will have
to produce less, while those in an ‘import constrained’ region will have
to produce more.”[38] A unified mathematical framework for both the
MD and the CR phase is presented in [37]. The optimization problem is
not outlined here as UMP has several shortcomings, which make it less
suitable for practical implementation.10 The drawbacks are presented
in the subsequent sections.
Uniform Pricing and Generic Market Structures
While the MD phase in the UMP model does not differ from the general operation principles of spot markets, according to [36] the CR
phase makes “the frequent exercise of command and control” necessary, where these actions are regarded to “deprive the choices promised
to participate and goes against fundamental principles of competitive
markets.”[36] A common way of introducing market principles is the
use of incremental/decremental bids to resolve congestion. In that case
market participants will submit their valuation of being redispatched.
An incremental bid represents the participants’ valuation to be scheduled up (more power output), a decremental bid represents the valuation to be scheduled down (less output). These principles may also
be applied to the demand side. According to the submitted bids, the
ISO will solve the corresponding optimization problem. Nevertheless,
10 For the optimization problem of the CR phase different objective functions are
possible, ranging from minimum shifts in power generation to a cost minimization
of dispatch activities.
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the increment/decrement bids system is suspected to allow for gaming, as “participants may first over-schedule to create congestion, and
then submit incremental and decremental bids for additional benefits
[...]”[36]
Qualitative Assessment of Uniform Pricing
For a network without congestion the UMP model delivers the same
results as nodal and zonal pricing. The solution is supposed to be efficient and does not cause physical problems. Nevertheless, in a network
where congestion is likely to occur, UMP fails to deliver an efficient
solution. As market participants may exercise their strategic potential,
the common practice of command and control in UMP models is not
compatible with the principles of competitive markets. Uniform pricing
was used in the pool-based England and Wales market, in the 1997 PJM
market and in the phase-1 ISO New England market. The system has
been abolished in all of these markets. UMP is nowadays only used in
Sweden. Nonetheless, in Sweden a complementary system of incentives
is implemented to overcome the shortcomings of UMP. To interact with
neighboring systems, e.g. the power systems in Norway, Finland and
Denmark prices are rather determined through market splitting. UMP
appears not transparent as command/control actions are required to
relieve congestion in the redispatch phase. In the light of these conclusions, uniform pricing is not modeled within the scope of the simulation
tool as it fails to meet the criteria set in the regulation of the European
Union.

3.4.5

Explicit Auctioning

For capacity allocation at several European borders explicit auctioning is used. This applies to the tie lines between e.g. Germany and the
Netherlands, Switzerland and Germany, France and the United Kingdom, the United Kingdom and Ireland.11 In [39] explicit auctioning is
characterized as follows: “The seller (TSO) determines ex ante the available transmission capacity (ATC) considering security analysis, accepts
bids from potential buyers and allocates the capacity to the ones that
11 All currently used cross-border capacity allocation and CM methods can be
found in [39].
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value it most.” Thus, explicit auctioning is a market-based concept,
which provides economic signals. The main features of the auction can
be explained using the example for zonal pricing displayed in figure 3.6,
with zone A being a low-price area and zone B being a high-price area.
Generators from zone A might be interested in settling contracts with
loads in zone B to benefit from the price difference between the two
regions. Hence, the valuation of, e.g. generators in zone A, corresponds
exactly to the energy price difference between the zones. If the generators in zone A (respectively any market participant) bid higher than
the energy price difference, the benefit they gain from cross-border trading will not make up for the payment for transmission capacity. Thus,
“with perfect foresight, bidders for transmission capacity would predict
the electricity market outcome with efficient use of the transmission”[29]
- or in other words - “the price reflects the cost of using capacity to the
social welfare.”[39]
Auctions for capacity may be designed as uniform or discriminatory
auctions, where “the price of the interconnector is set equal to the lowest accepted bid.”[31] In contrast with implicit auctions, where capacity
is implicity allocated by the energy bid at a specific location, explicit
auctioning separates the energy from the transmission market. According to [31] this might be considered at the same time an advantage or
a disadvantage. The separation reflects the unbundling of energy and
transmission networks, but it makes two separate transactions necessary. This increased complexity may hinder trade or complicate trading
activities of market participants. Another drawback, outlined in [40] is
that current auctions fail to account for parallel flows in meshed networks. As explicit auction practice is diverse, an example of the method
will be presented in conjunction with the developed mathematical model
in section 4.7.
Explicit Auctioning and Generic Market Structures
Explicit auctions aim at linking two distinct (national) marketplaces
for electricity, where the existence of several entities being in charge
of coordinating the different sub-markets is assumed. In this regard at
least two types of organizations can be distinguished: the transmission
(independent) system operator and the market operator. As described
above this increased organizational complexity may complicate trade,
nonetheless providing a high degree of freedom to market participants.
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Qualitative Assessment of Explicit Auctioning
In contrast with all previously described CM concepts, explicit auctions
incorporate at least two bids, one for the transmission market and a
subsequent one for the energy market. Explicit auctions are marketbased, and thus, provide economic signals. As they are implemented
throughout Europe they may be regarded as feasible and offering an
opportunity to facilitate the interaction between two neighboring systems. The implementation follows defined mathematical algorithms and
is therefore transparent. Nonetheless, auction practice in Europe is different, where one major drawback of the method originates from the
disability to account for parallel flows in meshed networks. However, as
explicit auctions in overall fulfill the evaluation criteria, the concept will
be considered for implementation in the proposed simulation tool.

3.5

Conclusion

The preceding sections have shown that congestion management concepts are strongly connected to overall market design. Generally, markets may be structured ranging from centralized approaches (e.g. poolbased designs) to more decentralized structures. Figure 3.8 depicts the
scope of organizational solutions for congestion management. Nodal
pricing schemes require a centralized dispatch, and thus, are applicable in pool-based markets. Market splitting and flow-based market coupling range between nodal and auctioning concepts. They do not require
a centralized dispatch, although a common spot market is necessary for
implementation. Decentralized concepts such as explicit auctions for
transmission capacity allow diverse solutions such as the auctions at
European interconnectors.
nodal
pricing
centralized
design

zonal
concepts

auctioning
concepts
decentralized
design

Figure 3.8: Market Design and Congestion Management

Chapter 4

Mathematical Modeling of
Congestion
Management Schemes
The previous chapter provided an overview of generic market structures
and concepts for congestion management. Congestion management concepts were distinguished into locational marginal pricing, zonal pricing
(market splitting and flow-based market coupling) and uniform pricing,
where the latter was excluded from further analysis as it fails to meet
the criteria for non-discriminatory and market-based CM schemes. In
the following, the related mathematical models will be developed. The
chapter starts with describing the fundamental economic and technical
modeling principles.

4.1
4.1.1

Fundamental Microeconomics
Social Welfare in Perfectly Competitive Markets

Section 2.2.3 introduced the operating principles of spot markets, where
a market operator receives bids from the market participants related to
the willingness to consume (loads) or to produce energy (generators).
41
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The market operator then performs a simple merit-order dispatch in
order to intersect the resulting demand and supply curves. By doing so
the market operator ‘mimics’ the microeconomic principles that govern the fundamentals of markets and competition. Within the scope
of this thesis it is not possible to provide a detailed derivation of all
related microeconomic concepts. An elaborate description of the underlying theory can be found in [41]. In the following, only the concept
of welfare is shortly illustrated as it is fundamental to all subsequent
chapters.
price
demand curve
CS
supply curve

pm
PS

qm

quantity

Figure 4.1: Concept of social welfare, with pm denoting the market
clearing price and qm the market clearing quantity as well
as CS being the consumers’ surplus and P S the producers’
surplus.
Figure 4.1 depicts a graphical representation of a perfectly competitive
electricity market.1 Demand and supply of the market are represented
by linear functions2 , where the intersection of the curves determines the
equilibrium point, characterized by the market clearing quantity (qm )
as well as the market clearing price (pm ). From fundamental microeconomic theory it is known that the supply curve represents the aggregate
marginal cost curves of the producers. Apparently, there are producers
in the market able to supply at lower cost than the eventual clearing
price (pm ). These producers sell at a profit as they offer their production
1 In chapter 5 the theory of perfectly competitive markets will be detailed and
put in contrast with oligopoly markets.
2 This linear representation will be indeed used in the context of the simulator.
Chapter 6 describes the reasoning behind this assumption.
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at a lower price, but subsequently are paid the higher market clearing
price (pm ). The triangular space enclosed by the aggregated marginal
cost curve (supply curve) and the market clearing price (pm ) is known
as producers’ surplus (PS). The same line of argument applies to the
demand side. Some consumers in the market are willing to pay more
than the actual market clearing price. These consumers also derive a
benefit from this situation resulting in a so-called consumers’ surplus
(CS), represented by the area enclosed by the demand curve and the
market clearing price (pm ). Consumers’ and producers’ surplus amount
to the total surplus, i.e. they amount to overall social welfare.
Within the scope of the proposed simulator social welfare will be used
as indicator for market performance, as the higher social welfare is, the
higher is market efficiency. This reasoning stems from the argument
that in perfectly competitive markets social welfare is at maximum,
although participants indeed follow their own interests as described by
Adam Smith: ‘he [the market participant] intends only his own gain, and
he is in this, as in many other cases, led by an invisible hand to promote
an end, which was no part of his intention’. In chapter 5 this theory is
further detailed by describing how oligopolies and market power might
influence welfare. Nonetheless, not depending on the form of competition, electricity markets are in another sense not satisfying the principles
of perfectly competitive markets. Welfare is as well influenced by the
need to transport energy and resulting from it transmission congestion
as described in the next section.

4.1.2

Social Welfare and Transmission Congestion

As social welfare in a perfectly competitive market is at maximum,
any complication in an economic or technical sense will subsequently
decrease welfare. One technical complication is the fact that electricity
markets have a spatial dimension and thus, demand and supply are
spatially distributed. Figure 4.2 depicts a related situation taking into
account transmission congestion.
Due to network congestion the original equilibrium point qm as depicted
in figure 4.1 can not be reached. Although there is still one market
′
clearing quantity (qm
), in the quasi-equilibrium point two prices exist:
one related to the consumers’ willingness to pay (pd ) and one given by
the marginal cost of production (pg ). Discussing this situation from the
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price

CS

demand curve

pd
CR
pg

supply curve

DW

PS
′
qm

qm

quantity

Figure 4.2: Social Welfare and transmission congestion with CR being
the congestion rent, DW the deadweight loss, qm the uncon′
strained clearing quantity, qm
the clearing quantity in case
of congestion and pd and qd the resulting clearing prices.
viewpoint of a market operator, the operator would buy electricity at
the price of (pg ) and sell it to the consumer at the price of (pd ), as this
reflects the willingness to pay at the demand side. Hence, the market
operator collects a rent, which is known as the so-called congestion
rent (CR). The triangular left to the congestion rent represents the
deadweight loss (DW). The deadweight loss is incurred by the fact that
less energy can be traded leading to a loss of welfare in general.

4.1.3

Summary

The above section briefly introduced the concept of social welfare. Welfare in perfectly competitive markets is optimal, whereas transmission
congestion leads to a loss of welfare. In order to account for the influence
of congestion, in a subsequent step the physical system properties have
to be modeled.

4.2. Fundamentals of Power System Modeling

4.2

4.2.1
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Fundamentals of Power System Modeling
Introduction

When designing markets for electricity one crucial objective is the efficient economic functioning, which can be regarded as being synonymous
with optimal welfare. In this context all factors that are likely to decrease welfare, such as physical obstacles or the existence/exercise of
market power, may be seen as constraints to the objective of maximizing welfare. In the following subsection the modeling of these physical
system properties is detailed.3

4.2.2

Supply Side Modeling (Generators)

In a liberalized electricity market, generation companies offer their production by submitting production bids and subsequently selling their
energy according to the results of the market clearing process. Following the microeconomic reasoning described above, generators will adjust
their production bids with respect to their production cost, where the
total production cost are determined by the physical properties of the
generation facility. One generation cost model broadly recognized is the
approximation using a quadratic cost curve. The derivation of this model
from the generation unit characteristics, such as incremental heat and
incremental fuel rates can for instance be found in [42]. Equation (4.1)
shows the quadratic total cost representation of a generation unit:
C(PG ) = a0 + a1 · PG + a2 · PG2

(4.1)

The factors a0 , a1 and a2 are called fixed, linear and quadratic cost
coefficients respectively, while PG denotes the actual power generated.
The function is derived from the operating characteristics of thermal
units: With increasing output overall efficiency decreases resulting in
an overall increase of specific cost. This increase can be approximated
with the function shown in equation (4.1), where for the later description
3 The representation of effects related to market power is detailed in chapters 5
and 6.
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of strategic generator behavior the marginal cost function as given in
equation (4.2) is of significant importance4
M C(PG ) = icG + sG · PG

(4.2)

The marginal generation costs are obtained by differentiating the total
cost function with respect to the power produced. The differentation
leads to a linear function. The function is characterized by a certain
slope sG = 2 · a2 as well as an intercept with the ordinate icG = a1 . The
coefficients are renamed, as sG and icG directly relate to the linear function representation. This nomenclature aims at improving readability
with focus on the further developed model of strategic choices. Furthermore, the generation unit may have certain minimum and maximum
production limits given by P min and P max .
cost

C(PG ) = icG + sG · PG
true marginal cost

icGi

P min

P max

power

Figure 4.3: Generation Marginal Cost
In figure 4.3 the main characteristics of generating units as used within
the scope of the proposed simulator are summarized. Generators take
production decisions based on their marginal cost function, being constrained by upper or lower production limits.

4.2.3

Demand Side Modeling (Loads)

To represent a load’s willingness to pay for electricity a so-called utility function can be specified determining the valuation of the load to
consume energy. Consistent with the algebraic form of the generators’
4 See

chapter 5.
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cost functions, a quadratic utility curve is employed fulfilling the general prerequisites for utility functions being monotonicity, convexity and
regularity. Similar to the supply side, the marginal willingness to pay on
the consumers’ side is of specific importance as the aggregated marginal
utility functions determine overall market demand.5 Figure 4.4 shows
an example of the marginal willingness to pay of a load.
price

C(PG ) = nL + mL · PL
marginal willingness to pay

Lmin

Lmax

power

Figure 4.4: Marginal Willingness to Pay
The willingness decreases with the power already consumed as the benefit of any additional unit will be lower. It is obvious that the willingness
to pay also depends on the time horizon. In the short term demand may
be almost inelastic as loads have no possibility to decrease consumption or substitute through self-scheduled production. In that respect
the marginal willingness to pay may have a slope (mL ) close to infinity. Looking at a longer time horizon, loads may be able to cut down
on consumption or build their own generation facilities with demand
becoming elastic. These two viewpoints on demand side modeling are
taken into account within the scope of the simulator as it is possible
to determine the slope (mL ) and the intercept (nL ) of the marginal
willingness to pay. It is furthermore possible to specify lower (Lmin )
and upper limits (Lmax ) on consumption. If both limits are set to the
same value demand becomes completely inelastic. Or in other words: the
limits can be used to express the portion of demand a load considers
to be elastic. The lower limit (Lmin ) specifies the minimum consumption requirement, whereas the portion between the lower and the upper
limit (Lmax ) is dependent on the market price, thus exhibiting a certain
5 For

a description of the underlying microeconomic theory see for instance [41].
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elasticity.

4.2.4

Modeling of the Transmission System

DC Power Flow Approximations
The above sections outlined the models used for the representation of
the demand (loads) as well as the supply side (generators). In order to
establish a marketplace between both entities the power produced must
be transported via the transmission grid, causing a certain power flow
over the transmission lines. Figure 4.5 presents an example network as
considered within the scope of the simulator.
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~

K2

0.0064

node 1

0.0281

node 3

node 4

0.0297

Zone 3

Zone 1
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node 2

0.0297

~

Zone 2

G3

G1

node 5

0.0304

~

L2

L5

G2

~
G4

Figure 4.5: Power System Description
As shown, generators and loads are connected by transmission lines,
which ‘carry’ a certain flow. For modeling the transmission lines and
determining the flow, the so-called telegraph equations can be used.
However, a simpler and more commonly used representation is the πline model, which can be directly derived from the telegraph equations.
The π-model is characterized by the series resistance, the series reactance as well as the shunt susceptance and the shunt conductance of
the transmission line. Using this model in conjunction with representations of generators and loads, the active and reactive power flows on the
lines can be determined. Unfortunately, this approach of computing the
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power flows involves an iterative procedure, which may become demanding in terms of computational needs. In order to establish a trade-off
between computational needs and appropriate power flow computation
the so-called linearized ‘DC’-approximations have been suggested. The
approximations are as follows:
• Voltage amplitudes at every node are equal, thus reactive power
flows are not taken into account.
• Active power losses are neglected.
• Voltage angle differences are assumed to be small.
The above assumptions only leave one relevant parameter from the πmodel, which is the series reactance of the transmission line. Using the
above approximations the flow on the line can be described as:
Pl =

1
xkm

(θk − θm )

(4.3)

with xkm determining the series reactance as well as θk and θm being
the voltage angles at node k and node m. Correspondingly, Pl represents
the flow on the line from k to m. As demand and supply in a power
system must match at any time at any location, the power injected at
a node must equal the power consumed considering the flow out of the
node as well as into the node. With Pk defining the sum of the power
injected and withdrawn the following equation can be defined:[23]
Pk =

X

Pkm =

m

Considering all nodes
be formulated.

P1
 ..
 .
Pi

X 1
(θk − θm )
xkm

(4.4)

k

in the system the following matrix equation can




 
=

Bx






θ1
.. 
. 
θi

(4.5)

The Bx -matrix is to be computed from the line reactances xkm . As
the elements of the Bx -matrix are linear dependent, the matrix has a
determinant of zero, and thus, is singular. However, the singularity of
the matrix can be overcome by eliminating one line and one column.
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With Bx′ denoting the modified matrix, the power flow problem can be
solved through the following inversion:

 
θ1
 ..  
 . =
θi−1


Bx′

 P 
1
.. 

 . 
Pi−1

(4.6)

The removal of one line and one column of the Bx -matrix is equivalent
to the introduction of a node (bus), with a phase angle of zero. Such a
node is called swing or slack node as it serves as computation reference
in the system. Apart from computational ease, the model exhibits the
important property of being linear, providing the possibility to describe
flows using the principle of superposition.
Power Transfer Distribution Factors
When dealing with power system economics it is often appropriate to
think of power flows as caused by certain transactions within the network. Generators and loads settle into physical delivery contracts and
then transmit power according to their contractual agreement. In that
respect, the power flow on a certain line can be viewed as being composed of a superposition of all transactions in the network. Loads at
certain nodes withdraw power, whereas generators at their nodes inject
power. These principles of injection, withdrawal and superposition can
be used to compute a set of factors called power transmission distribution factors (PTDFs). A PTDF describes the change of the flow on
a certain line l given an additional marginal injection (e.g. 1 MW) at
the slack node and the corresponding withdrawal at a certain node k.
Equation (4.7) provides an example where the flow sensitivity for the
line from node 3 to 4 is computed considering an additional withdrawal
of 1MW at node 3.
P T DF33−4 =

∆P3−4
= 0.2496
∆P3

(4.7)

A value of 0.2496 indicates that 0.2496MW of a 1MW withdrawal at
node 3 would flow over the line from node 3 to 4. Table 4.1 gathers
the sensitivities for all possible combinations for the sample network
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displayed in figure 4.5. Node 1 is assumed to be the slack bus.6 The
rows in the table correspond to the nodes k, the columns correspond
to all transmission lines l in the network. The computation of such a
PTDF-matrix is for instance described in [23].
1
2
3
4
5

1-2
0
-0.9432
-0.2496
-0.5133
-0.6732

1-3
0
-0.0568
-0.7504
-0.4867
-0.3268

2-5
0
0.0568
-0.2496
-0.5133
-0.6732

3-4
0
-0.0568
0.2496
-0.4867
-0.3268

4-5
0
-0.0568
0.2496
0.5133
-0.3268

Table 4.1: Matrix of power transfer distribution factors for the network
presented in figure 4.5
Using the matrix in table 4.1, the line flow equation (4.3) can be rewritten as follows:
X
Pl =
P (k, l)(Pk )
(4.8)
k

Consistent with equation (4.4), Pk determines the sum of injections and
withdrawals at node k, Pl denotes the flow on line l and P (k, l) is the
element in the k th row and lth column. Initially, the advantage of reformulating the line flow equations through PTDFs might not appear
obvious. It is clear that there are no benefits from a physical modeling
viewpoint. Nonetheless, the use of PTDFs simplifies the latter formulation of the optimization models for the different congestion management
schemes. With PTDFs it is possible to state the problem clearly distinguishing power production and its subsequent transmission as shown in
equations (4.11) to (4.16). The argument is detailed in the corresponding section 4.4.

4.3

Summary

Above the economic and technical modeling prerequisites for power systems have been described. It was outlined that one crucial objective for a
liberalized marketplace for electricity is to maximize social welfare. Unfortunately, this objective is constrained by physical as well as economic
6 Note,

that the location of the slack bus will not change the line flows obtained.
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system properties. Electricity has not only to be generated but also to
be transported with generation as well as transmission resources being scarce. In order to allocate these resources congestion management
schemes are employed, where in the following section the mathematical
models of these schemes are introduced.

4.4

Optimization Model Locational Marginal Pricing

In the introductory chapter about major congestion management schemes, locational marginal pricing (LMP) was described as CM scheme,
which relies on a centralized clearing mechanism, dispatching generation
companies as well as load serving entities while implicitly computing the
so-called nodal or spot prices at every node in the transmission system.
Together with the above introductory section on the fundamentals of
electricity market modeling, the clearing algorithm can be formulated
as follows:
Determine
(PG1 , · · · , PGnbGen , PL1 , · · · , PLnbLoad ) ∈ RnbGen+nbLoad
that maximizes
X1
X1
mLj PL2j + nLj PLj −
sbid P 2 + icbid
Gi PGi
2
2 Gi Gi

(4.9)

(4.10)

Gi

Lj

subject to the constraints
P

PGi −

=0

(4.11)

− PGi
PGmin
i
PGi − PGmax
i

≤0
≤0

(4.12)
(4.13)

PLmin
− PLj
j

≤0

(4.14)

≤0

(4.15)

≤0

(4.16)

i

k

P (k, l)(PGk i

PLj

j

PLj −
P

P

−

PLmax
j
PLkj )

−

Pf max
low (l)

For every generator G1 · · · GnbGen and every load L1 · · · LnbLoad the
power injected PGi and the power withdrawn PLj is determined by
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maximizing social welfare according to the objective function given by
equation (4.10). The slope and the intercept of the marginal benefit
function of the loads are represented by mLj and nLj . A detailed debid
scription of the parameters sbid
Gi and icGi , which form the linear bid
function of the generators, is given in chapter 6. The problem is subject
to:
• the set of line flow constraints (equation (4.16)), with Pf max
low (l)
being the maximum flow allowed on line l and P (k, l) representing
the PTDF-matrix
• the set of lower and upper generation limits (equations (4.12) and
(4.13)), with PGmin
and PGmax
being the lower and upper generator
i
i
limits
• the set of lower and upper load limits (equations (4.14) and (4.15)),
with PLmin
and PLmax
being the lower and upper load limits
j
j
• and the overall power balance (equation (4.11)), which states that
generation and demand must be equal
By solving the above optimization problem, the ISO can determine the
power each generator (load) Gi (Lj ) should be dispatched PGi (PLj ),
and through the knowledge of the Lagrangian multipliers, the locational
marginal prices at each node k of the system are given. By nk the
nodal price at the node k is denoted. After the market is cleared, each
generator Gi is dispatched PGi and is paid nk per MW produced.

4.5

Optimization Model Market Splitting

Market splitting - in accordance with LMP - establishes different electricity prices for different locations in the network. In contrast with
LMP, where prices in case of congestion differ for every node, for market splitting a group of nodes is aggregated to one zone. These zones
are mostly defined a priori as the concept focusses on certain flowgates,
which might be subject to congestion. Within the scope of the simulator the market splitting formulation of Bjorndal presented in [43] is
adopted. The fundamental difference to the locational marginal pricing
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algorithm is the introduction of two sets of additional constraints as
shown in equation (4.17) and (4.18).
bid
sbid
Gi PGi + icGi = nZk k = 1, · · · , nbN odes

(4.17)

mLj PLj + nLj = nZk

(4.18)

Equations (4.17) and (4.18) group certain nodes into zones (with Zk
being the allocation of the nodes k to the zones), and thus, ‘force’ the
nodal prices within the respective zones to be equal. In the example
network shown in figure 4.5 the following zones have been specified:
nodes 1 and 2 form zone 1, node 3 represents zone 2 and nodes 4 and 5
are grouped into zone 3.

4.6

Optimization Model Flow-Based Market Coupling

Similar to market splitting, flow-based market coupling is a zonal pricing methodology, establishing equal prices for certain zones within the
network. In contrast with market splitting equal zonal prices are not determined using additional constraints for the optimization algorithm but
by topological simplifications done to the transmission network. These
simplifications originate from the initial proposal of flow-based market
coupling described in section 3.4.3. Major features are the neglection
of intrazonal transmission constraints and the aggregation of parallel
inter-zonal transmission lines. These characteristics can be accounted
for by:
• representing each country as copperplate, thus using one PTDFfactor for all nodes within the country
• aggregating parallel tie lines between neighboring countries into
one ‘equivalent’ tie line
By applying the above topological simplifications it is possible to use
the algorithm formulated for the locational marginal pricing problem.
No further modifications have to be done as equal zonal prices are determined by the use of one PTDF for all nodes within a country, which
is similar to a representation of a country only by one ‘super-node’.
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Country 1
Nodes 1,2,3

170 MW
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Country 2
Nodes 4,5

Figure 4.6: FBMC Representation of Test Network
These assumptions may be illustrated using the example displayed in
figure 4.6 relying on the initial network (figure 4.5): It is assumed that
node 3 belongs to the same country as nodes 1 and 2. Thus, only two
zones are established for FBMC in the network consisting of nodes 1, 2
and 3 (country 1) and nodes 4 and 5 (country 2). Furthermore, the
interconnector capacity is set to 170 MW, as it can be proven that
this flow together with a PTDF of ‘0’ for zone 1 and ’-1’ for zone 2
does not violate the capacity limits of the line in the ‘real’ network
representation.7 Figure 4.6 illustrates the theory of flow-based market
coupling and the above network modifications.

4.7
4.7.1

Optimization Model Explicit Auctioning
Introduction

Explicit auctioning was introduced as cross-border congestion management concept in section 3.4.5. In contrast with implicit auctioning two
separate bids are necessary: the first for transmission capacity on the
interconnector, the second for energy in the adjacent energy markets.
As only the buyers determine the clearing price for transmission capacity the auction is referred to as single-part auction. For the model two
implementation stages can be distinguished as displayed in figure 4.7.
For modeling explicit auctioning within the scope of the simulator it is
assumed that the price level in the two markets (zones) is determined
in its general distribution, i.e. it is assumed that a high-price zone as
7 In fact, this simplification is arbitrary as there is no ‘true’ physical equivalent of
the test network. The sum of capacities from country 1 to 2 theoretically amounts
to 250 MW (K1 + K2 ), nonetheless, a capacity of 250 MW on the interconnector
would violate the flows in the real network.
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Phase 1: Capacity Clearing
quantity

demand

price

Zone A
quantity

Zone B
quantity

Phase 2:
Subsequent Clearing
of Energy Markets

demand

supply

demand

supply
price

price

Figure 4.7: Explicit Auctioning Phases
well as a low-price zone exist and the price distribution may not change
in a way that the high-price zone at a certain time instant becomes
the low-price zone. This assumption may be supported by the fact that
price levels are given by the generation assets in each zone, where asset
characteristics are rather fixed, and subsequently, market prices remain
in a certain range. From the perspective of the market participants it
appears profitable for low-price generators to sell into the high-price
zone and for loads in the high-price zone to buy energy in the low-price
zone.8 Looking at the problem from a bilateral trade perspective, it is
obvious that either generation companies or loads have to reserve capacity in order to conclude trade. It may appear to some extent arbitrary,
which entity is to be represented as participant in capacity auctions.
Nonetheless, for the proposed simulation tool generators are modeled
to take part in transmission capacity auctions. This approach has been
chosen as generators due to the possible existence of market power may
develop complex strategies adjusting their behavior in both: transmission and energy markets.9 Applying this view on market operation, the
demand side may be regarded as static. Generators in the low-price
zone export electricity and loads in the high-price zone benefit from
price changes caused by export activities. A similar approach for assessing market developments is used in [29]. Although considering inelastic
demand and only generation companies taking part in transmission ca8 Thus, the flow on the line will be in direction from the low-price zone to the
high-price zone.
9 For further arguments originating from market characteristics and possible
strategic behavior see chapters 5 and 6.
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pacity auctions may be regarded as drastic simplifications, the model
still covers key features of explicit auctioning as measure for congestion
management. As shown in [29] such a system is suitable for assessing
how generation imports into a zone with high prices influence welfare
and how auctions have to be designed in order to promote efficiency in
both: transmission and energy markets. In a European context similar
circumstances are found in Italy. With the country regarded as a highprice zone it might appear of interest to assess auction design in order
to improve Italian market performance. The application of the model is
demonstrated using the case study described in section 7.3, while below
the mathematical problems relating to the modeling stages displayed in
figure 4.7 are defined.

4.7.2

Capacity Auctions (Modeling Stage 1)

Generators place a bid in the transmission capacity auction. The bid
consists of a price and an associated quantity, i.e. each bidder for capacity has to specify its willingness to pay (the price function) and the
requested quantity (see section 6.4.1 for a description). In a subsequent
step the transmission market is cleared taking into account the submitted bids. The clearing price is determined by the lowest accepted bid.
The optimization problem is as follows.
Determine
(T CGenL1 , · · · , T CGenLnbGenLP Z ) ∈ RnbGenLP Z

(4.19)

that maximizes
X

vatcbid
GenLi · T CGenLi

(4.20)

GenLi

subject to the constraints
P
T CGenLi − T Cavailable

≤0

(4.21)

≤0

(4.22)

≤0

(4.23)

i

−T CGenLi
T CGenLi −

requ
T CGenL
i

For every generator in the low-price zone GenL1 · · · GenLnbGenLP Z the
allocated transmission capacity T CGenLi is determined through the ob-
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jective function given by equation (4.10). The factor vatctrue
GenLi represents a generator’s bid for transmission capacity, i.e. the price it bids to
pay (see section 6.4.1). The problem is subject to:
• the overall balance constraint (equation (4.21)), which states that
the available transmission capacity T Cavailable must not exceed
total allocated capacity.
• the set of lower constraints on transmission capacity (equation
(4.22)) being an allocation of ‘zero’ capacity.
• the set of upper transmission capacity constraints, defining that
the allocated capacity T CGenLi for every generator must not exrequ
ceed the requested capacity T CGenL
.
i
Through the knowledge of the Lagrangian multipliers associated with
this problem, the transmission auctioneer can determine the transmission price. Furthermore, the participants are obliged to use the reserved
capacity according to the auction outcome.10

4.7.3

Energy Market Clearing (Modeling Stage 2)

After obtaining capacity, generators are allowed to trade energy via
the interconnector, i.e. they can sell energy in both energy markets. As
generators in the low-price zone have a transmission obligation their
maximum offer in the native market (the low-price zone) amounts to
max
−T CGenLi ). In the foreign market (the high-price zone), genera(PGenL
i
tors will bid a maximum quantity of T CGenLi . With the above described
parameters the two energy markets are cleared, where the optimization
problem is defined as follows:
Determine in the native zone (the low-price zone)
(PGenL1 ,LP Z , · · · , PGenLnbGenLP Z ,LP Z ) ∈ RnbGenLP Z

(4.24)

10 In that, participants have a transmission obligation. This approach may appear
credible given current day-ahead auction practice at for instance the borders of
Switzerland and Germany. If participants do not use their capacity they either lose
it or they have to pay for the generation additionally dispatched in order to produce
the originally scheduled flow.
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that maximizes
X 1
sbid
P2
+ icbid
GenLi ,LP Z PGenLi ,LP Z
2 GenLi ,LP Z GenLi ,LP Z

(4.25)

GenLi

subject to the constraints
P
PGenLi ,LP Z − LoadLP Z

=0

(4.26)

max
PGenLi ,LP Z − (PGenL
− T CGenLi ) ≤ 0
i

(4.27)

i

The system operator determines for every generator in the low-price
zone GenL1 · · · GenLnbGenLP Z the power injected PGenLi ,LP Z in the
low-price LP Z. Equation (4.26) states the power balance constraint for
the low-price zone and equation (4.27) determines the upper generation
limit in conjunction with the outcome of the capacity auction. The
problem for the foreign zone (the high-price zone) is similar, but it
incorporates bids from the low-price zone as well :
Determine in the foreign zone (the high-price zone)
(PGenL1 ,HP Z , · · · , PGenLnbGenLP Z ,HP Z ) ∈ RnbGenLP Z (4.28)
(PGenH1 , · · · , PGenHnbGenHP Z )

∈ RnbGenHP Z (4.29)

that maximizes
P 1 bid
2
bid
2 sGenLi ,HP Z PGenLi ,HP Z + icGenLi ,HP Z PGenLi ,HP Z (4.30)
GenLi

+

P

GenHj

1 bid
2
2 sGenHj PGenHj

+ icbid
GenHj PGenHj

subject to the constraints
P
P
PGenLi ,HP Z + PGenHj − LoadHP Z
i

(4.31)

=0

(4.32)

j

PGenLi ,HP Z − T CGenLi

≤0

(4.33)

max
PGenH
j

≤0

(4.34)

− PGenHj

≤0

(4.35)

PGenHj −
min
PGenH
j

The system operator determines for every generator in the high-price
zone GenH1 · · · GenHnbGen the power injected PGenHi as well as the
power injected from generators from the low-price zone PGenLi ,HP Z
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(imports). There exists a power balance constraint (equation (4.32)) and
foreign generators can only trade as much capacity as they obtained in
the capacity auction (equation (4.33)).
The two optimization problems are both subject to the constraint that
the energy produced in both the low-price zone and the high-price zone,
must be equal to or greater than the lower generation limit for each
min
generator from the low-price zone: PGenLi ,LP Z + PGenLi ,HP Z ≥ PGenL
.
i

4.7.4

Summary

Above the mathematical model for explicit auctions has been stated.
Due to the diverse auction practice the model is to be seen as a specific implementation example offering less generality than the models
developed for implicit congestion management schemes. Nonetheless, in
conjunction with agent-based computational economics (see chapter 6)
the concept provides valuable insights into the use of explicit auctions
for congestion management. Section 6.4.1 further describes the agent
model used, whereas section 7.3 describes the implementation of the
explicit auction simulator as a compound of the different constituents.

Chapter 5

Modeling of Liberalized
Electricity Markets
This chapter outlines the foundations of perfect and imperfect markets.
Employing recent international developments as well as findings from
microeconomic theory it is concluded that most existing electricity markets can not be regarded as being perfectly competitive. Thus, in a subsequent section modeling and analysis concepts for imperfect markets
are described and evaluated in terms of applicability and reasonability,
i.e. how these concepts reflect crucial market properties. It is concluded
that agent-based computational economics and multi-agent systems are
a valuable approach to ex-ante assess liberalized market structures with
special focus on effects relating to market power and resulting strategic
behavior.

5.1

Market Power and International Experiences

Since the liberalization of the electricity sector started in the early 1990s
there was growing concern that despite the vertical unbundling, utilities
may still be able to influence energy prices to their own advantage. This
ability to influence and subsequently maintain prices above competitive
levels is called market power, where two types can be distinguished. If
61
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companies are able to behave strategically as they are involved in two
related activities and exploit this dependency of actions, vertical market
power exists. Regulators and state agencies identified this threat for electricity markets, and thus, opted for a vertical unbundling of transmission
and generation as mentioned above. However, market power seems to
be still a relevant issue in a number of international markets, suggesting that producers benefit from so-called horizontal market power. In
this case, producers are able to behave strategically by committing only
one single service, such as electricity generation, but as their production share is significant, they still have the chance to exercise market
power. Effects related to horizontal market power in US generation are
reported in [44], where the Herfindahl-Hirschmann Index (HHI) is used
to show that production facilities are critically concentrated. Similar
observations are made in [45]. Studies concerning the United Kingdom,
California, New Zealand and Australia are carried out in e.g. [46], [47],
[48], [45] and [49] where strong evidence is found that market power
has been exercised. Apart from effects related solely to horizontal market power, there may also exist situations, when small producers obtain
market power as they are located at specifically vulnerable locations
within the transmission network, and subsequently exploit this vulnerability to drive the system to its limits and force prices above competitive levels. In that case companies do not benefit from significant market
shares but from ‘advantaged’ topological positions. This type of market
power, deriving from network location is described in the case study in
chapter 8.2.
As it is common liberalization practice to unbundle vertical monopolies
in order to create competitive structures, this thesis focusses on effects
related to horizontal market power as well as market power originating
from the spatial distribution of producers within the transmission network. To further detail the theory on market power, in the following
sections perfectly competitive markets are introduced and put in contrast with oligopoly markets. It is clarified what complications may arise
from a market being not perfectly competitive and how such structures
can be modeled.

5.2. Perfect and Imperfect Markets

5.2
5.2.1
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Perfect and Imperfect Markets
Perfectly Competitive Markets

For elaborating on fundamental microeconomic theory an entity called
homo economicus is broadly used. Such a ‘character’ would think and
behave rationally at any time, i.e. it is always perfectly informed, having all information about upcoming decisions at its disposal. The only
objective of a homo economicus is the maximization of its personal benefit. In a world solely populated by such entities no strategic behavior
would be possible. All decision-makers share the same rational expectation concerning future prices and market developments. Adhering to
this theoretic viewpoint, such a marketplace can be described as rational, mechanistic and efficient - or just using one attribute - as being
perfect. Perfection in the microeconomic sense means, that the market
is perfectly competitive as it does not allow the exploitation of advantaged positions and the exercise of market power. These phenomena
would simply not exist as every market participant:
• trades one homogenous product
• is perfectly informed
• is free to enter or leave the market at no cost
• takes the market price as exogenous, and thus, behaves as price
taker.
The above criteria indeed define a perfectly competitive market.1 However, recent developments in the utilities industry suggest that electricity markets can not be regarded as perfectly competitive. Thus, at least
one of the assumptions must be violated leading to a situation where
strategic behavior is possible. In the following, the above criteria for
perfectly competitive markets are briefly assessed in order to identify
possible market inefficiencies.
Product Homogeneity
Despite the developments in the retail sector, where utilities try to diversify electricity products by selling ‘labeled’ energy, from e.g. sustainable
1 For

a detailed treatment of the theory see for instance [41].
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sources, power on the transmission level may still be regarded as homogenous. Although e.g. in Germany there are laws which guarantee
the infeed from renewable sources, to the best knowledge of the author,
such regulations do no exist in the context of transmission management. Capacity is allocated without discriminating the good electricity
itself. Thus, electricity with respect to its transmission in the following
is regarded as homogenous.

Perfect Information
In [50] it is stated that “the information revolution is the principal
reason that competition in energy displacement oligopolies is feasible.
Communication, control and processing technology have allowed for the
dissolution of the vertical structure of the network commodity markets.”
Indeed, for the important European power exchanges, such as Powernext
(F), European Energy Exchange (GER), Nord Pool (NO) etc. clearing
information is available on a daily-basis. This also applies to the explicit
transmission auctions, e.g. between the Netherlands and Germany and
Germany and Switzerland. Despite the information revolution, in [51]
the distribution of information is still regarded as asymmetric. Considering the complexity of an electricity market, with its various trading
places, environmental, economic and political risks as well as network influences, it appears unlikely that market participants are able to gather
all relevant information and in a further step are able to evaluate the
information for upcoming decisions in a completely rational manner.
Furthermore, companies are able to withhold information from state
offices or from competitors. This e.g. applies to decisions on production
and maintenance of production facilities. Thus, electricity markets can
not be regarded as adhering to the assumption of perfect information.
In a prospective simulation tool for electricity markets limited market
observability and resulting imperfect information are to be taken into
account.

Entry and Exit Barriers
By allowing third party network access, regulators and state agencies
intended to remove entry barriers for electricity traders. A further measure to incentivize new entries into the market was the guaranteed infeed
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from renewable sources in Germany. These approaches aimed at removing the dominance of the former monopoly companies. It was believed
that by increasing the number of market participants stronger competition could be promoted. Recent developments in European markets do
not support the hypothesis that entry and exit barriers were successfully
lowered. As mentioned in chapter 1 the number of market players e.g. in
Germany has recently decreased from seven (at the time of liberalization
in 1998) to four. Incumbent companies try to merge either with national
and international competitors as e.g. in the case of E.On and Endesa2 .
Regulators furthermore express their concern that transmission companies try to maintain high network usage fees in order to prevent further
entry into the market. Thus, it appears questionable if market entry and
exit barrier can be regarded low enough to fulfil the assumptions of perfect competition. Considering these observations, market entry and exit
will be neglected for implementation within the scope of the simulator.
Price Taker Assumption
Resulting from the violation of the assumptions above, market players
can not be regarded as taking prices as exogenously given, and hence, do
not behave as price takers. The references listed in section 5.1 come to
similar conclusions, identifying strong evidence for market power in several national markets and subsequently the ability to raise prices above
competitive levels. In that sense rather than being rational, mechanistic
and efficient, electricity markets exhibit potential for strategic behavior.
Or in other words: electricity markets may be understood as imperfect,
making it impossible to solely apply the theory of perfect competition.

5.2.2

Imperfect Markets

As shown, market participants may try to influence short-term as well
as long-term price developments. In this respect, the question arises
why players indeed have the ability to distort prices. Apart from other
reasons this fact mainly originates from the unique structures faced in
most national electricity markets. In contrast to perfect competition
where sellers as well as buyers are marginally small compared to the
market size, in electricity markets only a few generation companies serve
2 See

section 1.
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demand. Thus, if one generator changes e.g. its generation bids, the
market price is likely to be influenced. Such a situation where demand
is satisfied only by a few large sellers is called oligopoly. The incumbent
sellers may observe the consequences of their actions and deliberately
use their knowledge in order to raise prices or to replace competitors.
It is also possible that competitors explicitly or implicitly collude to
maximize their profit.
The fact that market participants with respect to certain market constellations may follow different strategies to maximize profits has been
first analyzed by Antoine-Augustine Cournot. Cournot focussed on a
situation where two sellers supply the same product at zero cost and
have to decide about the reward maximizing level of output level. The
theory was extended by Joseph Bertrand who introduced the price (instead of the quantity) as strategic variable. No matter which model
is chosen both theories explicitly consider the possibility of strategic
behavior by taking into account that market players have a certain anticipation of the strategy of the other and the consequences of their
joint actions. Later the works of Cournot and Bertrand were extended
by John Nash who is among the pioneers of a research field called game
theory, which can be described “as the study of interacting decision
making”[52]. Nowadays game theory is used in various fields of science,
such as biology, psychology etc. Nonetheless, in economics game theory aims at clarifying the process of strategic interactions [52]. These
modeling concepts will be assessed in the following sections.

5.2.3

Summary

Considering recent trends in international electricity markets as well as
microeconomic reasoning it has been shown that liberalized electricity
markets can in most cases be regarded as oligopolies. Rather than being
price takers, market players try to set the price through strategic interaction. Such strategic possibilities have to be taken into account when
modeling oligopolies, where the theories of Cournot, Bertrand and Nash
were briefly sketched as appropriate concepts. Nonetheless, there exist
more modeling methodologies for oligopoly markets. Hence, in a further step these approaches will be briefly summarized and assessed in
order to evaluate which concepts are suitable for analyzing congestion
management schemes in liberalized markets.
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Modeling Imperfect Markets
Introduction

Modeling complex systems such as network-based economies means abstracting from reality by neglecting certain aspects and emphasizing
others. This abstraction is not to be done arbitraryly. While simplifying
specific characteristics the model should retain key features to deliver results which allow a minimum of generalization. In that, the model leaves
the possibility to find conclusions which do not solely apply to the specific system, but are also valid in a greater context. To do so in [53] four
distinct modeling approaches for electricity markets are distinguished:
a) ex-post analysis of existing markets, b) market concentration analysis, c) equilibria analysis, and d) agent-based computational economics.
These concepts may be used to study effects concerning market concentration, efficiency, and market power. All approaches are to be found in
the literature,3 emphasizing that these are valuable tools for modeling
and analysis. Nonetheless, the current situation faced in Switzerland is
characterized by special circumstances. As Switzerland is at the moment
not liberalized it appears necessary to employ tools, which can be built
without using historical data. This prerequisite is fulfiled through a)
equilibria analysis and b) agent-based computational economics. Concentration measures as well as an ex-post analysis would require the
availability of recent data. As this is not the case in the context of
Switzerland ex-post approaches are excluded from further assessment.
Equilibria analysis as well as agent-based computational economics are
described in brief below. Furthermore, it is assessed how both concepts
reflect the market properties described above, i.e. limited observability,
strategic behavior etc.

5.3.2

Ex-ante Market Modeling Concepts

Equilibrium Analysis
As the name suggests the key concept in equilibrium analysis is the
equilibrium itself. Originating from microeconomic theory it is believed
3 See e.g. for studies using ex-post analysis: [49]; concentration measures: [44], [45];
equilibrium models: [53], [54], [55], [56], [57], [58] and [59]; agent-based computational
economics: [10], [20], [60], [61], [62], [63] and [64].
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that after a certain time an economy will adjust to a stable point or
system state, determined e.g. by the intersection of market demand and
supply or by a balance of strategic interests of market participants. Under the assumption of perfect competition it can be shown that such
an equilibrium indeed exists. For a perfectly competitive situation the
economy will move into a so-called Pareto equilibrium. In this state no
individual can be made better off without another being made worse off.
Such a system is referred to as being Pareto efficient. However, depending on the specific modeling assumptions different equilibria exist. For
imperfect markets the methodologies developed by Cournot, Bertrand
and Nash are applicable, with the Nash equilibrium being the concept
of choice. In a Nash equilibrium no player can benefit from unilaterally
changing its strategy.4 Nash equilibria in the context of game theory, i.e.
the theory of interactive decision making explicitly recognize the possibility of strategic behavior, and thus, seem suitable to assess economies
with oligopoly structures. The adequacy is also proven by numerous
publications in this research field.5 Thus, in a further step the modeling
principles of equilibrium analysis are shortly reminded.
Assuming that equilibria in an economy in fact exist, the question arises
how to identify such equilibria. The key concept is to build an optimization model of the system, similar for instance to the one presented for
locational marginal pricing in section 4.4 and then solve the model using
appropriate algorithms.6 Generally, for such an optimization problem an
objective function exists subject to a set of constraints. Relying on the
locational marginal pricing example the objective function refers to the
one of the Independent System Operator trying to maximize social welfare. However, the set of constraints differs from the original congestion
management problem. As the model now aims at representing the market as a whole, including strategic participant behavior, the constraints
have to reflect the interactive decision situations faced by the individual market players. In the case of LMP, generators have to decide on
an appropriate quantity bid (Cournot assumption) or on the price they
bid into the auction (Bertrand assumption). If no player can benefit by
unilaterally changing its price or output bid an equilibrium is reached.
4 For a detailed description of Nash equilibria in the context of interactive decision
making see e.g. [65] and [52]. The case study presented in 8.2 also elaborates on the
relationship of Nash equilibria and agent-based computational economics.
5 See for instance: [53], [54], [55], [56], [57], [58] and [59].
6 Depending on the optimization type algorithms range from the Simplex method
(linear optimization) to interior or unlimited point algorithms (non-linear problems).
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This means, that the original optimization is now subject to constraints
which in the optimum determine an equilibrium. Such a type of problem
is called mathematical program with equilibrium constraints (MPEC).
Similar models are for instance described in [66] and [67]. There exists
another common problem, the so-called equilibrium problem with equilibrium constraints. In that case an equilibrium formulation is found
in the objective function as well as in the constraints. Despite the fact
that these concepts are applied in recent studies, in [57] it is pointed
out that the models are highly complex in mathematical terms and
may not be adequate to model ‘realistic systems’. One possibility to
overcome mathematical complexity is to reformulate the original problem statement in a so-called mixed complementarity problem.7 While
such alterations mainly aim at improving the solving algorithms, the
general concepts behind equilibria analysis models remain untouched:
• Equilibria analysis is an analytical modeling concept, trying to
deduce equilibrium states by describing the problem using a set of
algebraic equations and then solving for equilibria in the system
by means of optimization or related procedures.
• Equilibria analysis is a top-down modeling approach, aiming at
capturing all aspects of participant interaction in mathematical
expressions.
• Depending on the problem formulation, equilibria analysis may
suffer from mathematical complexity and may not be applicable
for larger problem sizes.
On the other hand, by looking at current developments in electricity
markets in Europe and overseas it seems that markets do not remain
in stable equilibrium points but rather exhibit strong dynamics for instance in terms of energy prices or prices paid for transmission capacity in explicit auctions. Taking these observations into account another
branch of economics evolved. Rather than describing an economy as
set of equations and then solving for the optimal solution, markets are
described using agent-based computational economics (ACE). The concept is briefly introduced in the following section.
7 See

[57] for a detailed treatment of the theory.
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Agent-based Computational Economics
In most economies market participants (also referred to as agents) interact locally with each other by, e.g. selling or buying goods, where
every participant may follow a set of individual objectives. This interaction on the micro-level determines to a large extent the overall market
dynamics, i.e. the evolution of market characteristics, such as market
prices, price volatility, overall trading volume etc.[63] Hence, a feedback
between the micro- and the macro-level of markets can be observed.8
One concept to account for this feedback is agent-based computational
economics, where systems are described through a bottom-up approach
by modeling the different market participants and letting them interact
within a defined macro-structure (see figure 5.1).

macro-level (market)

micro-level (market participants)

Figure 5.1: Agent-based Computational Economics
In that sense agent-based models ‘mimic’ the structure of real markets
making it possible to analyze both: the behavior of market participants
and the influence of their actions on overall market characteristics. Similar to equilibria analysis, ACE allow the modeling of oligopoly structures
by abstracting from the assumptions of perfect competition, reflect nonperfect information, limited observability and agents being price-setters
rather than price takers. Nonetheless, a crucial difference is the way of
describing the market and the methods to solve for solutions. Whereas
8 The feedback is mutual. Changes within the macro-structure, e.g. trading protocols, quotas, etc. will certainly influence the micro-level as the market players may
adapt to the respective changes by modifying their objectives.
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equilibria analysis aims at determining equilibrium states, ACE may
rather be seen as a system constantly evolving over a certain time horizon. This specific characteristic originates from the modeling approach
used. Market players are described as individual entities being able to
interact and learn. They try to maximize their prospective rewards by
following certain principles which might change depending on changes in
the macro-structure or depending on strategy changes of other agents.
Thus, ACE allows to study effects related to repetitive behavior and
learning of market participants with special emphasis on gaming and
market power (see section 8.2).

5.3.3

Summary

Above equilibria analysis and agent-based computational economics have
been briefly introduced as valuable modeling tools for liberalized electricity markets. It seems that none of the approaches can be favored in
general. Thus, within the research project both approaches have been
studied. Section 8.2 presents a comparison of the two methodologies.
Special emphasis is put on the existence of equilibria in the system
and the dynamics exhibited by the agent-based concept. Nonetheless,
this thesis will mainly use the principles of agent-based computational
economics for studying different congestion management schemes.
Furthermore, the theory of perfect competition is regarded to be valuable in order to provide a benchmark for the assessment of congestion
management schemes. Although, perfectly competitive markets may be
seen as idealized fiction they provide a comparison in terms of how close
a certain market design may come to a perfect structure, complementing
oligopoly theory.

Chapter 6

Applying Multi-agent
Modeling to Electricity
Markets
This chapter details the principles of agent-based computational economics (ACE). It is shown how liberalized electricity markets can be
represented by applying ACE in conjunction with multi-agent systems
as well as reinforcement learning. In this regard it is clarified how the
term ‘agent’ is used and how market players can be modeled to reflect
the properties of the oligopolistic structures found in liberalized electricity markets nowadays.

6.1

Introduction

The previous chapter has shown that liberalized electricity markets are
not perfectly competitive, and thus, can not be described as rational,
mechanistic and efficient. Because of the oligopoly structures, market
participants interact strategically, trying to influence price developments
rather than taking them as exogenous. Because of these characteristics it
appears difficult to build an ‘aggregate’ model of electricity markets with
market players all being identical entities following the same objectives.
Participants are not perfectly informed and may behave irrationally for
some decisions. These properties are reflected by the term ‘bounded
73
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rationality’, first introduced in decision theory by Herbert A. Simon. In
contrast to the assumptions of perfect competition, economic entities
inhabit imperfect markets and behave ‘bounded rational’ giving way to
deviating expectations about market developments, different objectives
as well as different strategies. In that, market players are regarded as
autonomous agents creating a distributed and complex system, i.e. an
economy. Such a view on markets is represented by so-called ‘multiagent’ systems, which will be described in the following, starting with
a brief characterization of the notion ‘agent’.

6.2

Characterization of Agents

Above the term ‘agent’ has been introduced for an economic entity
interacting in markets. Such entities may be suppliers, customers or
regulators. When developing an abstract model of an economy, ‘real’
agents have to be transformed into software agents, by creating artificial
entities being able to capture relevant participant characteristics. This
modeling technique allows to describe complex and distributed systems
such as markets. Nevertheless, agents may be used in various research
fields, e.g. computer sciences, psychology, sociology, medicine etc. Hence,
the notion ‘agent’ is not defined as unique term, but may be used for
various concepts all referred to as software agent. To overcome this
plurality in definitions often the characteristics are listed, which describe
a certain software-code as agent. In [68] the following properties are
listed defining an agent:
• Reactivity: Agents perceive their environment and are able to react
to changes in their environment.
• Autonomy: Agents operate without direct human intervention or
intervention from other agents. They control their actions and
their internal state.
• Pro-activeness: Agents do not solely react, but may also initiate
actions in order to satisfy their design objectives.
• Intelligence: An agent is able to mimic the behavior of its ‘real’
counterpart. Hence, a generation agent should be able to capture
the behavior of generation companies in electricity markets.
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Figure 6.1 presents a schematic description of an intelligent agent. The
agent observes its environment and then pro-actively takes decisions to
interact with its environment and subsequently influence it to reach its
objectives.

see

agent

act

environment

Figure 6.1: Schematic Description of an Intelligent Agent
[68]
In section 6.4.1 it is clarified which agents have to be modeled with
regard to electricity markets and congestion management.

6.3

Multi-agent Modeling and Agent-based
Computational Economics

In most applications more than one agent is needed to give an adequate
system representation. A software platform employing multiple intelligent agents is called multi-agent system (MAS). In [69] a multi-agent
system is characterized as: “A loosely coupled network of autonomic
problem solvers that work together to solve problems that are beyond
the individual capabilities or knowledge of each problem solver. These
problem solvers - agents - are autonomous and may be heterogeneous
in nature.” The terms ‘loosely coupled’ as well as ‘autonomous’ suggest
that agents decide on their own how to fulfil their design objectives and
when it is the right time to do so. In [69] the following general properties
of multi-agent systems are stated:
• There is no central entity controlling processes in the system globally. Knowledge as well as control are distributed.
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• Every agent only possesses imperfect information resp. functionality to fulfil its objectives.
• Data in a multi-agent system is handled using distributed structures. Every agent keeps its own information and has only a limited view on the global system.
• Decisions and actions of agents are taken asynchronously.

Multi-agent systems aim at representing and studying the dynamics of
a system (e.g. a market) while also providing possibilities to analyze
the overall system characteristics. For fulfiling these modeling tasks, it
is necessary to transform objects, actors and other entities from the real
system into the abstract ‘world’ of a multi-agent system. If a multi-agent
system is built to describe an economy, so-called agent-based computational economics (ACE) are applied. The foundations of such systems
have been described in this chapter as well as in section 5.3.2. The
next sections describe how the modeling framework is used to study
transmission congestion management schemes in liberalized electricity
markets.

6.4

6.4.1

An Electricity Market as Multi-agent
System
Agent Descriptions

Introduction
In chapter 4 the economic as well as physical modeling principles of
power systems have been introduced. From a system viewpoint, in transmission networks exist at least three main entities, being generators,
loads as well as a coordinating entity called independent system operator (ISO). For developing a MAS of electricity markets these entities
are prospective agents. In that regard it has to be clarified how they
are represented, i.e. what objectives they follow or generally how they
‘behave’.
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Generation Agents
In the previous chapters electricity markets have been characterized as
oligopolies, i.e. generators are able to behave strategically. In this regard
it has to be clarified how they can do so. In the literature three main
concepts of strategic interaction can be identified:
1. Cournot Model (e.g. [67], [70], [71], [72])
2. Bertrand Model (e.g. [46], [73], [74])
3. Supply Function Equilibrium Model (e.g. [75], [76], [77])
ad 1) and 2) In section 5.3 the basal assumptions of the models developed by Cournot and Bertrand have been introduced. Whereas for
Cournot competition generators compete in quantities, in the case of
Bertrand the strategic variable is the price. These two concepts can be
seen as the two far ends of the modeling spectrum. Although in the
literature the Cournot approach is favored over Bertrand’s, the latter
appears to be mainly useful in low load conditions. In [77] it is claimed
that while for Bertrand models the expected price is usually underestimated, for Cournot competition prices may be overestimated. Nevertheless, in [77] a short discussion on the modeling concepts reveals that
both Bertrand as well as Cournot type models exhibit shortcomings
when applied to electricity markets. Regarding the common practice to
bid a function of quantity and price in electricity spot markets, it appears not suitable to solely rely on bids of either a quantity or a price.
In [78] it is claimed that these assumptions are rather chosen for modeling ease than to provide an adequate description of competition in
electricity markets. To overcome these shortcomings [79] introduced the
concept of supply function equilibrium (SFE) competition.
ad 3) In SFE models generation companies compete in functions of
quantity and price, i.e. in supply functions. These supply functions will
be determined in advance, where firms try to maximize their prospective
reward anticipating a certain competitor behavior as well as a certain
demand level. An introduction to the theory as well as a literature review
is to be found in [77]. The crucial property of SFE models being the
assumption that firms compete by bidding a continuous supply function
is regarded a realistic interaction representation, and thus, also appears
suitable in a multi-agent context. Figure 6.2 illustrates the strategic
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problem of a generation company. Generally, firms are characterized by a
certain technology having corresponding ‘true’ marginal costs given by:
CGi (PGi ) = icGi + sGi PGi . ‘True’ in that respect means that these costs
are the real costs of production determined by technology and resource
availability. If firms bid this function into the market they would reveal
their true cost, i.e. they would behave according to the corresponding
assumption of perfect competition. However, as electricity markets are
often oligopolies, firms try to benefit from influencing the market price
by behaving strategically. In terms of supply functions there are two
prospective possibilities to make use of strategic bidding. A generator
Gi can add a certain markup mupGi to its marginal cost or manipulate
the slope or do both. This manipulation results in the bid function
bid
bid
CG
(PGi ) = icbid
Gi + sGi PGi , which does not relate to the true marginal
i
cost anymore (see figure 6.2).
$

bid (P
bid
bid
CG
Gi ) = icGi + sGi PGi
i
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slope
manipulation

markup
mupGi
icGi

CGi (PGi ) = icGi + sGi PGi
true marginal cost
P max

P

Figure 6.2: Markup and Slope Manipulation for Generation Companies
In [54] it is discussed, which type of manipulation is more realistic markup or slope, where the following line of argument is used: “Slopes
of marginal cost function for individual generators are usually very shallow, so the very steep slopes that would result from manipulating the
slope would not be credible. [...]” This argumentation appears reasonable when considering a regulator observing market activities who would
with a high likelihood indeed be able to identify a slope manipulation,
whereas it appears difficult to reveal markups as they are determined by
fixed costs, which are mostly unknown to the outside world. However, for
the agent-based simulation tool both methods have been implemented.
The description of the modeling approach is further detailed in chapter
7.
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Generator as Transmission Agent
In sections 3.4.5 and 4.7 the implementation of explicit auctions as transmission congestion management scheme has been described. According
to this CM concept, market participants submit two independent bids,
the first for transmission capacity, the second for energy. Above it has
been shown how generators can manipulate their true marginal cost
function in implicit auctions. However, in the context of explicit auctions, generators also have to submit a separate bid regarding their
willingness to pay for transmission capacity. Thus, within the scope of
the simulator an additional agent has to be developed capable of participating in explicit auctions, i.e. capable of submitting a transmission
quantity bid with an associated price. This behavior can be graphically
represented as displayed in figure 6.3.
price

vatctrue
GenLi

true valuation
valuation deviation
requ
quantity choice (T CG
)
i

quantity

Figure 6.3: Transmission Agent Representation
The agent may have a ‘true’ price valuation of transmission capacity but
is able to bid strategically above or below this valuation. In the context
of requested quantities it appears difficult to define a ‘true’ quantity
valuation. Agents may find it beneficial to acquire as much transmission
capacity as possible, whereas in other cases they may also restrain from
requesting any quantity at all. To account for these properties the agent
has the possibility to behave strategically in prices and quantities, i.e. it
may try to influence the auctioned transmission quantities as well as the
clearing price. Such an agent is used within the framework described in
section 4.7. Section 7.3 clarifies how generation and transmission agents
are used in conjunction.
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Load Agents
Above it has been stated that due to the oligopolistic structures in
electricity markets, strategic behavior for generators has to be modeled
within the scope of a multi-agent system. The situation is different for
the demand side of the market. Generally, an oligopoly is characterized
by a few firms on the supply side and by a large number of consumers
on the demand side. Hence, the demand side of the market matches
one assumption of perfect competition, i.e. participants are marginally
small compared to overall market size. Thus, consumers in electricity
markets will take the price as exogenous variable as there are no means
to influence the market price. Or in other words: loads are not able to
behave strategically as they do not have market power.
As described in section 4.2.3, a linear marginal utility function with
lower and upper limits on energy demand can be specified for the simulator. This representation allows to model demand in the market as
elastic or inelastic, i.e. the demand side either responds to changes in
electricity prices by exhibiting a certain elasticity or the level of demand
is independent from price changes, and thus, inelastic.
A linear representation of the marginal willingness to pay appears to
be broadly accepted as this assumption is widely used in the literature
(see for instance [53], [54], [80], [81] and [82]).
ISO, Power Exchanges, Transmission Auctioneer
In chapter 3 common structures of electricity markets have been outlined. In most marketplaces some entities exist, which among other obligations mainly coordinate trade by collecting generation and demand
bids or explicit bids for transmission capacity. Such entities play a crucual role for competition as they establish marketplaces, which provide
transparency, security and trading ease. The independent system operator in a market based on locational marginal pricing collects bids
and then dispatches generation and loads while obeying the physical
constraints of the system. In the case of explicit auctions a transmission auctioneer collects bids for transmission capacity, then clears the
market and allocates capacity according to the outcome of the clearing
procedure. The importance of these functions is recognized in electricity
markets worldwide. Subsequently, for ISOs or transmission auctioneers
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regulations exist ensuring that these entities do not abuse their central
role for market operation. Hence, there is no or only a very limited potential for strategic behavior of these entities. Additionally, to the best
knowledge of the author no cases of strategic behavior of ISOs or transmission auctioneers have been reported. Thus, within the scope of the
simulator ISOs and associated entities will be regarded as adhering to
their basal function, i.e. coordinating trade without distorting it.
Summary
Above it has been shown that different agent types for electricity markets exist. Whereas load agents as well as entities such as ISOs or transmission auctioneers due to market properties follow static strategies, i.e.
do not change their objectives over time, for generation companies the
possibility of strategic behavior has to be explicitly taken into account.
In that respect generators should be able to revise their strategies depending on certain market developments or competitors’ behavior. To
represent such characteristics generators should be able to develop an
adaptive view of their environment by learning from past observations
and projecting expectations into the future. One approach to account
for the learning effects taking place in interactive decision situations is
reinforcement learning. The approach will be introduced below.

6.4.2

Reinforcement Learning as Behavioral Agent
Model

As outlined above, an multi-agent system tries to model the macro and
the micro structure of a market. In a second step the system is simulated over a certain time horizon giving the market participants the
possibility to interact. In the process of subsequent interaction it may
appear obvious that participants should be able to learn, i.e. to acquire
knowledge from past actions and decide about upcoming actions in the
context of their previous experience. One concept to model the learning
process of agents through repeated interaction is reinforcement learning. In [83] reinforcement learning is described as the problem faced
by an agent that learns behavior through trial-and-error interactions
with a dynamic environment. Before the agent interacts with its environment it chooses an action. It then ‘plays’ this action, influencing its
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environment, and subsequently receiving a reinforcement signal, i.e. information on the consequences of its action. In the context of electricity
markets, generators would strategically choose supply bids in order to
maximize their short and long-term rewards. One algorithm to represent this type of problem is the so-called Q-learning algorithm, which
was initially designed for learning through interaction with a Markov
Decision Process.[84]
Q-learning can be explained as a mapping of actions to values. An agent
i can choose its next action ai among a given set of actions Ai . After a
specific action ai has been played, a reward, the so-called reinforcement
signal is calculated. In the context of Q-learning the agents keep track
of these reinforcement signal using a function known as Q-function. For
every action ai the agent keeps in memory a function Qi : Ai → R such
that Qi (ai ) represents the expected reward it will obtain by playing
action ai . In other words: Every agent observes the rewards R gained
from previous actions and then uses these observations to adjust its
strategy in order to maximize the next rewards. Suppose that the tth
time the game is played, the joint action (at1 , · · · , atn ) represents the
actions the different agents have taken. After the game is played and
the different rewards ri have been observed, agent i updates its Qi function according to the following expression:
Qi (ati ) ← Qi (ati ) + αti (ri (at1 , · · · , atn ) − Qi (ati ))

(6.1)

where αti ∈ [0, 1] is the degree of correction. If αti = 1, the agent supposes
that the expected reward it will get by taking action ai = ati in the next
game is equal to the reward it just observed. If αti = 0, it means the
agent leaves the value of its Qi -function unchanged.
In the context of Q-learning agents select their actions according to
the so-called ǫ-Greedy policy. When an agent i uses an ǫ-Greedy policy
to choose its action, it selects with probability 1 − ǫ the action, which
maximizes its believed expected reward (arg maxQi (ai )), and chooses
ai ∈Ai

with probability ǫ an action at random in Ai . The main reason for
an agent to adopt a policy that selects from time to time an action
that it believes does not lead to the highest expected reward, is to
guarantee that all actions have been tried a sufficient number of times
to be able to correctly assess their expected reward. Figure 6.4 shows a
tabular version of the algorithm that simulates Q-learning driven agents
interacting.
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Set t = 0.
Initialize Qi (ai ) = 0 ∀i ∈ {1, · · · , n} and ∀ai ∈ Ai .
t ← t + 1.
Select for each agent i an action ati by using an ǫ-Greedy policy.
Play the game with the joint actions (at1 , · · · , atn ).
Observe for each agent i the reward ri (at1 , · · · , atn ) it has obtained.
Update for each agent i its Qi -function according to
Qi (ati ) ← Qi (ati ) + αti (ri (at1 , · · · , atn ) − Qi (ati ))

8] If a sufficient number1 of games has been played, stop. Otherwise, return to step 3.

Figure 6.4: Simulation of Q-learning Agents
In the context of the proposed simulation tool, Q-learning is used to simulate generation agents, i.e. each generator may deviate from its true
marginal cost by manipulating its slope or intercept. For each slope
and/or intercept manipulation, the agent keeps a history of accordant
rewards and then chooses a new action considering its previous experience. The implementation is further described in chapter 7.

6.4.3

Rule-based Agent Behavior

In contrast to the above described reinforcement learning approach,
there are other concepts for modeling agent behavior. One methodology
used in [85] is a system of fixed rules for decision finding. By applying
this methodology, generation agents set for instance a higher markup if
their reward increased and set a lower markup if their reward decreased
in the previous clearing. Such rules may be extended to a complete set
of rules, allowing the agent to cope with different situations. However,
it appears questionable if a rule-based (static) system is appropriate
to model the repetitive, interactive structures to be found in electricity
markets. Simulations on a test system have been carried out revealing
the following drawbacks:
• The definition of rules appears to some extent arbitrary compared
to the reward maximization objective in Q-learning.
• Agents ‘live’ for the moment, not taking into account any historic
experience, and thus, are not able to learn.
1 The

definition of a stopping criterion is discussed in section 7.2.5.
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• If equilibria in the system exist, convergence time is significantly
slower.

For the above reasons, rule-based agent models are not further applied to
the simulation tool. To study interactive decision making from a multiagent point of view, reinforcement learning appears to be an adequate
and flexible approach.

6.5

Conclusion

In this chapter a multi-agent system of a liberalized electricity market has been developed. In that regard the notion ‘agent’ has been
defined, and subsequently, four main agent types have been distinguished, being generation agents, transmission agents, load agents and
ISOs/transmission auctioneers. Furthermore, it was outlined that generators have to be modeled taking into account strategic behavior, where
the supply function approach was employed as appropriate concept. By
using a reinforcement learning algorithm, generators are able to learn
from constant interaction and may use their knowledge to choose strategies in order to maximize their prospective rewards.

Chapter 7

The Congestion Management
Simulator
This chapter ‘merges’ the previously presented theory on transmission
congestion management, microeconomics and agent-based computational
economics by describing the implementation of the simulator out of the
different constituents. In a subsequent step an assessment methodology
based on welfare economics is developed, introducing a new index on
market power derived from the reinforcement learning model. For the
illustration of the simulator’s functionality implicit as well as explicit
congestion management schemes are used.

7.1

Introduction

The previous chapters presented the constituents of the proposed simulation tool. In order to assess congestion management schemes in liberalized electricity markets it is suggested to apply agent-based computational economics and multi-agent systems in conjunction with reinforcement learning, welfare economics and power system modeling tools.
These research areas form the different parts of the simulator, where in
the following it will be clarified how these modules are linked together.
For describing the crucial simulator properties, sample systems will be
used. The chapter consists of two main parts, describing the implementation of a simulator for implicit congestion management schemes
85
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and for explicit auctions. This differentiation has been chosen as both
CM methodologies differ significantly in their main characteristics as
described in chapters 3 and 4.

7.2

7.2.1

Implicit Congestion Management Simulator
Introduction

The following section describes the implementation of the simulator for
implicit congestion management schemes (locational marginal pricing,
market splitting and flow-based market coupling). In order to be able
to illustrate the simulator, a test network is defined. However, a crucial
objective of the simulator is the adaptability for arbitrary networks as
emphasized in chapter 8. Thus, in a first step the general input data
requirements are specified.

7.2.2

Network Data

General Requirements on Network Data
To allow for an adequate network representation the following data has
to be provided:
• The number of nodes nbN odes, the number of lines nbLines, the
number of generators nbGen and the number of loads nbLoad.
• The location of every generator Gi and every load Lj at their node
k.
• For every transmission line l, the maximum line flow Pf max
low (l) and
the line reactance Xl .
• The zonal network representation, with Zk being the allocation of
the nodes k to the zones, as described in section 4.5.
• A slack node.
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Data of a Sample Network
Figure 7.1 displays the network already introduced in chapter 4.

L1

node 1

~

0.0064

0.0281

L4

L3
Pfmax
low (4)

node 3

node 4

0.0297

0.0297

~

Zone 2

G3

G1

Zone 3

Zone 1
Pfmax
low (3)

node 2

0.0304

~

node 5
L5

L2

~

G2

G4

Figure 7.1: Power System Description
The test power system consists of nbGen = 4 generators (G1 , · · · ,
GnbGen ), nbLoad = 5 loads (L1 , · · · , LnbLoad ), nbN odes = 5 nodes
(1, · · · , nbN odes) and nbLines = 5 lines (1, · · · , nbLines). The dashed
lines in figure 7.1 mark the borders between the zones used for the simulation of market splitting. Furthermore, it is assumed that only the
lines from node 2 to 5 and node 3 to 4 have a relevant capacity limit of
max
Pf max
low (3) = 100M W and Pf low (4) = 100M W . For the other lines of the
system, it is supposed that there exist no power dispatches that may
lead to flows greater than their transfer capacity. Table 7.1 presents the
PTDFs for the test network with node 1 being the slack node. The factors have been computed from the line reactances given in figure 7.1.

1
2
3
4
5

1-2
0
-0.9432
-0.2496
-0.5133
-0.6732

1-3
0
-0.0568
-0.7504
-0.4867
-0.3268

2-5
0
0.0568
-0.2496
-0.5133
-0.6732

3-4
0
-0.0568
0.2496
-0.4867
-0.3268

4-5
0
-0.0568
0.2496
0.5133
-0.3268

Table 7.1: Matrix of Power Transfer Distribution Factors
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7.2.3

Agent Data

General Requirements on Agent Data
To allow for an adequate representation of the market participants the
following agent data have to be provided:
• The location of every generator Gi and every load Lj at their node
k (given under network data also).
• For every generator Gi the lower and upper production limit PGmin
i
and PGmax
as well as the slope and the intercept of its marginal
i
cost function sGi and respectively icGi .
• For every generator the discrete set of actions related to strategic
bidding; with mupGi defining the possible set of markups and
sloGi the set of possible slopes to choose from.
• For every load Lj the lower and upper consumption limit Lmin
j
and Lmax
as well as the slope and the intercept of its marginal
j
benefit function mLj and respectively nLj .

Agent Data of the Sample Network
Table 7.2 shows the data for the test network. In this example all lower
production limits of the generators are set to zero, where for the sake
of simplicity no limits on the load side are exposed. The marginal cost
functions of the generators and the marginal benefit functions of the
loads are linear as described in chapter 4. Although the simulator is
capable of representing slope manipulations, this feature will not be
used in the example.1
1 In section 6.4.1 it has been outlined that slope manipulations do not seem credible as they are more likely to be revealed compared to intercept manipulations.
Additionally, test simulations have shown that deviating the slope of individual cost
functions only marginally influences the market outcome. Considering the limited
influence and the high associated risk slope deviations may be neglected without
losing generality.
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Node
Gi
1
2
3
4
5

sGi
[$/MWh]
0.02
0.02
0.02
0.04

1
2
3
4

Generator
max
icGi
PG
i
[$]
[MW]
14
300
10
300
15
300
20
300

mupGi
[%]
{0,5,10}
{0,5,10}
{0,5,10}
{0,5,10}
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Load
mLj
nLj
[$/MWh]
[$]
-0.1
35
-0.1
35
-0.1
40
-0.1
45
-0.1
40

Table 7.2: Generation and Load Data

7.2.4

Simulation Framework

General Overview
Above the input data requirements for the simulation tool have been
described. The specified data allow to use the optimization models for
congestion management developed in chapter 4. The modeling framework allows for looking at CM schemes in a compact way. Power suppliers submit bids in the form of linear marginal bid functions to the
marketplace, where social welfare is maximized to determine generation
and consumption. Figure 7.2 provides a graphical representation of the
implemented structure.
Agent Model
(Generators)

Bids

CM Scheme
Optimization
Routine

Market Outcome
(Dispatch, Prices)

Feedback

Figure 7.2: Flow Chart of Implicit CM Simulator

Representation of CM schemes and Optimization Problem of
the ISO
Chapters 3 and 4 introduced the implicit CM schemes implemented
for simulation. For LMP the stated optimization problem is a direct
representation of the obligations of the ISO in pool-based markets. By
optimizing social welfare the ISO determines the optimal generation
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dispatch. In contrast with LMP, the optimization problems stated for
market splitting and FBMC do not represent the exact problems related to the functions carried out by the ISO in the respective market.
They rather determine an aggregated, ideal view on the market structure neglecting e.g. transaction costs between different authorities that
may exist. In the proposal of FBMC the coexistence of power exchanges
and transmission system operators is assumed,[32] where both entities
are required to interact and iterate during daily operation. The formulation of FBMC in the scope of the simulator presents a generalized
implementation, which aims at predicting a possible market outcome,
rather than determining all involved market processes. A similar line
of argument applies to market splitting. Nonetheless, the aggregated
view on the zonal CM schemes allows for the assessment of the market
characteristics described in the following section.

7.2.5

Assessment Methodology

In section 4.1 fundamental microeconomic concepts have been introduced. The market equilibrium is characterized by several indicators,
such as the traded quantity, the equilibrium price, consumers’ and producers’ surplus, congestion cost and overall social welfare. These indicators allow the comparison of different market structures or designs as
they describe markets in terms of individual welfare distribution and
overall efficiency. Derived from this theory, in [37] a unified framework
for a comparative analysis of CM schemes is defined. This framework
is also used for evaluation within the scope of the proposed simulator.
However, the analysis is extended with respect to possible strategic behavior of power suppliers, which may be taken as indicator for market
power. The methodology used and the relevant indicators are further
detailed in the subsequent case study (section 7.2.6). Generally, the
analysis is structured as follows:
1 Welfare analysis assuming perfect competition
2 Welfare analysis assuming oligopolistic competition
3 Market power analysis
In the case of perfect competition no strategic behavior of generators is
possible as all market participants are price takers. The market equilibrium can be determined by solving the optimization problems defined in
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chapter 4. For a welfare analysis assuming oligopolistic competition the
market is simulated over a certain time horizon using the agent-based
framework together with Q-learning. In this context generators are able
to learn from subsequent interaction. The simulation is stopped when
the standard deviation of the Q-functions of each generator does not
exceed a defined threshold. This may be interpreted as a sign that no
significant learning takes place anymore, as generators have obtained a
stable expectation of their possible reward for a certain action. Although
there is a high likelihood that the obtained equilibrium corresponds to
a Nash equilibrium, this hypothesis is not explicitly proven. The relationship of Nash equilibria and Q-learning is discussed in more detail in
section 8.2. In a last step, the obtained Q-functions are used to analyze
the magnitude of market power applying the methodology detailed in
section 7.2.6.

7.2.6

Case Study

General Methodology and Data Specification
In the following, the implicit auction simulator is used to study the
previously defined test network. In this example long-term effects of
possible market restructuring proposals are evaluated, thus demand is
considered to be elastic. Loads have the opportunity to react to price
changes by e.g. reducing energy consumption or to opt for partial selfsupply. The elasticity in table 7.2 has been determined in compliance
with the values given e.g. in [37] and [33].2 As specified in section 6.4.1,
power suppliers may behave strategically by deviating their bids from
their true marginal cost. Thus, a sample set of markups mupGi for each
generator Gi is defined as shown in table 7.2. Each generator may decide
between three strategic choices: 1) bid at marginal cost 2) add a markup
of 5% and 3) add a markup of 10% to its true marginal cost.
Welfare Analysis (Perfect Competition)
For a welfare analysis in case of perfect competition the market equilibrium of each CM scheme is determined by solving the related optimization problems using the true marginal cost functions of the generators.
2 Results

8.2.

in an LMP based system with inelastic loads are described in section
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Table 7.33 presents a summary of the results concerning total demand
[MWh], producers’ surplus [$], consumers’ surplus [$], congestion cost
[$], overall welfare [$] as well as minimum min nk and maximum nodal
prices max nk [$/MWh] and the congested line(s). From the results the
following observations can be made, where LMP is set as reference case.
• Total demand for LMP and market splitting are identical, whereas
for FBMC demand drops by -4%.
• LMP exhibits the highest overall welfare closely followed by market splitting. Welfare for FBMC decreases by app. -2%.
• The allocation of producers’ and consumers’ surplus for LMP and
market splitting is similar. FBMC exhibits a higher producers’
surplus and a lower consumers’ surplus, which is apparently caused
by an increase of the overall price level.
• For market splitting and FBMC congestion cost increase by app.
13% compared to LMP.

Total Demand
Prod Surplus
Consum Surplus
Congestion Cost
Overall Welfare
min nk
max nk
congested line

LMP
904
2735
8308
1153
12196
17.07
25.5
2-5

MaSplit
904
2632
8249
1306
12187
17.36
24.62
2-5

change
0.0%
-3.8%
-0.7%
13.3%
-0.1%
1.7%
-3.5%
-

FBMC
867
3028
7684
1293
12004
18.61
26.22
1-2

change
-4.1%
10.7%
-7.5%
12.1%
-1.6%
9.0%
2.8%
-

Table 7.3: Welfare Analysis (Perfect Competition)
The results in this case study coincide with the findings of Ehrenmann
and Smeers in [33]. LMP exhibits the highest overall welfare, followed
by market splitting. Due to the simplifications of the network topology,
welfare in a market based on FBMC is likely to decrease.
In the next sections the analysis is extended by removing the assumptions of perfect competition.
3 Layout

adopted from [37].
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Welfare Analysis (Oligopolistic Competition)
For the following welfare analysis the system is simulated using the
agent-based framework together with the Q-learning algorithm. Hence,
all generators interact and learn from this interaction, where the process of learning is represented by the Q-functions. Figure 7.3 shows a
sample evolution of the Q-function of generator G4 in an LMP based
market. Each curve in this figure represents the development of the expected reward for the different markups. Thus, each curve shows what
G4 believes it will obtain by choosing a certain markup and submitting
the resulting bid function.

Expected Payoff in $

600

mup = 10 %

—
Deviation

mup = 5 %

400

—

mup = 0 %

200

0
0

100

200

300

400

500

Number of Market Clearings

Figure 7.3: Development of Q-function G4 (LMP)
G4 apparently ‘realizes’ its advantageous position in the network. Due
to the limited transfer capacity of the line between nodes 2 and 5 (see
figure 7.1), there is a high likelihood for G4 to be dispatched. Hence, G4
receives market power, which it exploits by choosing the highest possible
markup. In contrast with G4 , generator G2 can not benefit from setting
a markup above its marginal cost function, i.e. the expected rewards for
all actions do no deviate significantly (see figure 7.4). This observation
serves as indicator that G2 is unable to exert market power. In section
7.2.6 the relationship of market power and the characteristics of Qfunctions are further discussed.
A common feature of the Q-functions of G2 and G4 is that after about
300 iterations the expected rewards remain almost stable. This ‘convergence’ is used to define a stop criterion. Repeated simulations have
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Expected Payoff in $

2000
1500
same line style as in Fig. 7.3 for markups

1000
500
0
0

100

200

300

400

500

Number of Market Clearings

Figure 7.4: Development of Q-function G2 (LMP)
shown that computations can be terminated if the normalized standard
deviation of each agents’ Q-function falls below a value of 2 percent.
In other words: Simulations are stopped if all generators have learned a
sufficiently precise expectation of the reward they will obtain by playing
a certain action. After terminating the simulation the market equilibria are computed again as if the generators would indeed choose their
greedy, i.e. reward maximizing bids. Table 7.4 summarizes the results,
where the examination of the results leads to the following observations:
• As in the perfect competitive case, LMP has the highest overall
welfare, followed by market splitting and FBMC. Nevertheless,
the following decreases of welfare compared to the competitive
case are observed: LMP -4%, Market Splitting -7.5% and FBMC
-7.1%.
• Comparing the change of welfare for the oligopolistic case itself it
is found that there are stronger reductions with LMP as reference.
For market splitting there is a drop of -3.8%; for FBMC welfare
reduces by -4.9%.
• In comparison with the competitive case for all CM schemes producers’ surplus increases while consumers’ surplus decreases. This
effect is apparently due to generators exercising market power.
• For FBMC the prices increase compared with LMP and market
splitting and compared with the competitive case.
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Total Demand
Prod Surplus
Consum Surplus
Congestion Cost
Overall Welfare
min nk
max nk
congested line

LMP
864
3372
7590
1189
11715
17.77
26.45
2-5

MaSplit
848
3554
7263
1324
11275
18.37
25.87
2-5

change
-1.85%
5.40%
-4.31%
11.35%
-3.76%
3.38%
-2.19%
-

FBMC
811
3917
6748
1292
11146
19.73
27.33
1-2
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change
-6.13%
16.16%
-11.09%
8.66%
-4.86%
11.03%
3.33%
-

Table 7.4: Welfare Analysis (Oligopolistic Competition)
The above welfare analysis has shown that in case of strategic behavior
social welfare decreases in a stronger way for market splitting (-3.76%)
and FBMC (-4.86%) compared to LMP and perfect competition. Power
suppliers are able to raise their surplus while the consumers’ surplus
decreases. In the test network these observations suggest that in both
situations - perfect and oligopolistic competition - LMP is the most
efficient CM scheme, followed by market splitting and FBMC.
The following section further analyzes the distribution of market power.
Market Power Analysis
Figures 7.3 and 7.4 presented sample evolutions of Q-functions for G4
and G2 in an LMP market. Whereas G2 can not benefit from setting
a markup, G4 learns that it can increase its profits as the expected
rewards in the Q-function exhibit a certain deviation. For bidding at
marginal cost G4 has the lowest expected reward; setting a markup of
10% will lead to the highest reward. In the following, this deviation in
expected rewards is used to determine the magnitude of market power
in the respective CM scheme. For each action ai the average value of
the expected rewards avg(Qi (ai )) is computed after the simulation was
terminated, with N being the total number of iterations and r denoting
the rth iteration. For each generator determine:

av(Qi (ai )) =

N
P

r=1

Qri (ari )
N

(7.1)

Subsequently, the deviation of the average values is computed with
the marginal bid (no markup) as reference action (aMC ) (see equation
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(7.2)). For each generator determine:
Di =

av(Qi (ai ))
−1
av(Qi (aMC ))

(7.2)

The deviation Di can become negative if the average value of the expected reward for the marginal action exceeds that of another action.
This situation may occur if a generator is better off by behaving competitively.
In the previous examples, the spread for G4 amounts to app. 28%, while
the expected rewards for G2 are closely distributed within a difference
of only 2%. One may argue that for G2 it is not possible to determine
whether setting a markup or not will influence its prospective rewards.
A reward variation of 2% may also be caused by overall volatility. Thus,
it can be concluded that G2 has a) only a limited potential to increase
its reward and b) may not be able to sufficiently predict this potential.
Hence, G2 has no market power in an LMP market.
The situation is different for G4 with a reward spread of 28%. G4 can be
regarded as having a strong potential to increase its reward by strategic
behavior and may also be able to observe this potential through daily
interaction. Thus, G4 in the LMP example has market power.
The above analysis has been carried out for all generators in the different
CM schemes. To simplify the description of market power the following
intervals for the spread are suggested. If the value is below 5 percent (as
in the example for G2 ) no market power can be perceived or exercised.
If the value is between 5 and 20 percent there is a significant likelihood
for generators to determine their potential for influencing their profits,
while for a spread of above 20 percent there is a high likelihood for the
perception and exercise of market power. Table 7.5 presents the results
of the market power analysis using the intervals defined above.
Generator
1
2
3
4

LMP
high
no
no
high

MaSplit
high
no
significant
high

FBMC
significant
no
significant
high

Table 7.5: Market Power Analysis
The results suggest that the allocation of market power is influenced
by the market design. For LMP only G1 and G4 have market power,
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while for market splitting G3 also receives a significant potential. By
simplifying the network topology according to FBMC, and thus, creating larger zonal markets it is not possible to eliminate market power in
the test system, although the magnitude changed for G1 from high to
significant.
Although the proposed intervals are rather arbitrary, there is a high likelihood that with an increasing Di generators have indeed a stronger potential for exercising market power, whereas for a small values of Di no
market power exists. In contrast to traditional concentration measures
such as the Lerner-Index or the Herfindahl-Hirschmann-Index (HHI)
the proposed methodology offers the following advantages:
• To determine the deviation in expected rewards, there is no need
for historical data making an ex-ante analysis possible.
• In contrast with HHI the properties of the transmission network
as well as the properties of the demand side are reflected.
• Whereas the HHI only analyzes the market shares of the supply
side, i.e. the market shares of the generators, the deviation in
expected rewards takes into account the properties of the demand
side as well.
Hence, it can be concluded that the proposed methodology provides the
possibility to gain valuable insights in the distribution of market power
in different congestion management schemes.

7.2.7

Conclusion

Above an agent-based simulator for the evaluation of implicit congestion management schemes in liberalized markets has been presented.
The previously stated agent models have been used to account for competition in oligopolistic structures, where power suppliers can act strategically by deviating their bids from their true marginal cost functions.
Using a benchmark network an evaluation concept was applied to assess crucial market characteristics such as the distribution of welfare,
price level, total demand etc. The analysis has been carried out under
the assumptions of perfect and oligopolistic competition, where in a last
step a methodology was developed to determine possible market power
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of generators. The results have shown different distributions of market
power for the different congestion management schemes. The simulator
explicitly allows for the evaluation of such differences in conjunction
with the specific market architecture.

7.3
7.3.1

Explicit Auction Simulator
Introduction

The above developed framework for the simulation and assessment of
implicit congestion management schemes is not fully applicable in order
to account for explicit auctions. The differences in application result
from various reasons, where the following major characteristics can be
identified:
• In contrast with implicit CM schemes, explicit auctions are based
on the concept of separating transmission from energy markets.
Thus, a different trading protocol is implemented implying the
necessity of two subsequent bids.
• Explicit auction practice is diverse. In contrast with e.g. locational
marginal pricing, no standard algorithms are defined describing
the implementation of optimization problems, trading protocols
etc.
Due to the diverse nature of explicit auctions it appears difficult to
provide a generalized modeling framework. Nonetheless, there is a need
for appropriate evaluation tools, allowing to assess not only explicit
auctions but also to compare market indicators, such as welfare, surplus and price developments with implicit auctioning concepts. Such
a comparison would provide valuable insights into the relationship of
the two CM concepts. Thus, a major objective for the development of
an explicit auction simulator is to retain as much generality as possible, using a standardized simulation and evaluation framework together
with standard agent models. Despite necessary simplifications in trading
protocols and strategic possibilities the simulator is capable of:
• Representing explicit auctions under the assumptions of perfect
competition, strategic behavior in transmission markets and strategic behavior in transmission as well as energy markets.
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• Providing indicators, such as welfare, surplus and clearing prices
allowing to compare explicit auctions with locational marginal
pricing.
• Assessing issues of market power in transmission and/or energy
markets, allowing an assessment of agent behavior within the marketplace(s).
The explicit auction simulator relies on the theory presented in sections
3.4.5 and 4.7. The implementation methodology is furthermore derived
from the concepts used in [29], where it is assessed how imports to a
high-price zone influence market indicators. In contrast with [29] for
the proposed explicit auction simulator the framework is extended to
account for strategic behavior and market power.
In conjunction with the previously developed implicit auction simulator,
first the network and agent data requirements are specified, then the
simulation framework is characterized followed by a description of the
assessment methodology. This description also provides a case study,
where in a subsequent section the conclusions are presented.

7.3.2

Network Data

General Requirements on Network Data
As described in section 4.7 explicit auctions are implemented for transmission facilities between neighboring countries (zones). The focus of an
explicit auction is only the transmission link (or flowgate) in between the
countries (zones). Thus, the surrounding network is neglected reducing
the grid to a two node system as displayed in figure 7.5
Low-price Zone

High-price Zone
~ ... ~

~ ... ~

LoadLP Z

LoadHP Z
T Cavailable

Figure 7.5: Schematic Description of Explicit Auctioning System Data
The network is described through the following data:
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• The number of generators in the low-price zone nbGenLP Z, as
well as the number of generators in the high-price zone nbGenHP Z.
• The level of inelastic demand in the low-price zone LoadLP Z and
the level of inelastic demand in the high-price zone LoadHP Z .
• The available capacity for the transmission line from the low-price
zone to the high-price zone T Cavailable .
Data of a Sample Network
For a sample evaluation of explicit auctions, the system suggested in [29]
is used in a slightly modified version. The test power system consists
of nbGenLP Z = 4 generators (GenL1 , · · · , GenLnbGenLP Z ) as well as
nbGenHP Z = 4 generators (GenH1 , · · · , GenHnbGenHP Z ). The level of
inelastic demand in the low-price zone (high-price zone) is LoadLP Z =
1500M W (LoadHP Z = 1500M W ), where the line connecting the two
zones has an available capacity of T Cavailable = 200M W .

7.3.3

Agent Data

General Requirements on Agent Data
In the high-price zone (HPZ) the following agent data have to be specified:
• For each generator in the high-price zone GenHj the lower and the
max
min
as well as the slope
and PGenH
upper production limit PGenH
j
j
and the intercept of its marginal cost function sGenHj respectively
icGenHj .
As the focus of analysis is on possible effects of energy imports into the
high-price zone, for generators in the high-price zone, strategic possibilities are not taken into account . In order not to distort the evaluation
of such effects, native generators are modeled as price-takers, i.e. they
are made to behave according to the assumption of perfect competition.
This behavior may also be interpreted as risk-aversion. As generators
in the high-price zone are aware of their competitive disadvantage in
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terms of generation cost, they are not likely to behave strategically in
order to avoid the risk of not being dispatched.
On the contrary, generators from the low-price zone are interested in
exporting energy to the high-price zone, thus additional data regarding
to possible bidding strategies in transmission and energy markets has
to be specified. Hence, the following information for the low-price zone
(LPZ) needs to be provided:
• For each generator GenLi the lower and upper production limit
min
max
PGenL
and PGenL
as well as the slope (intercept) of its marginal
i
i
cost function sGenLi respectively icGenLi .
• For each generator GenLi the discrete set of actions related to
strategic bidding in transmission markets; with mupGenLi defining
the possible set of markups.
• For each generator GenLi the discrete set of actions related to
strategic bidding in transmission markets; with vatcGenLi defining
requ
the set of possible transmission price bids and T CGenL
the set of
i
possible transmission quantity bids.
With the above modeling assumptions strategic behavior of generators
in the low-price zone is not taken into account as the focus of analysis
is on the high-price zone.4
Sample Agent Data
Table 7.6 presents the data used for the high-price zone.
Zone
N o.
High
High
High
High

1
2
3
4

Generator as Price Taker
max
sGenHj
icGenHj
PGenH
j
[$/MWh]
[$]
[MW]
0
35
500
0
45
500
0
50
500
0
60
500

Table 7.6: Agent Data High-Price Zone
Table 7.7 summarizes the agent data of the low-price zone.
4 Consistent with the findings from the implicit congestion management simulator,
strategic possibilities concerning slope manipulations are not represented.
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N o.
1
2
3
4

Generator as Generation Agent
max
sGenLi
icGenLi
PGenL
mupGenLi
i
[$/MWh]
[$]
[MW]
[$]
0
25
500
{0...55}
0
30
500
{0...50}
0
40
1000
{0...40}
0
50
500
{0...30}

as Transmission A.
requ
tvGenLi
T CGenL
i
[$/MWh]
[MW]
{0...11}
{0...200}
{0...11}
{0...200}
{0...11}
{0...200}
{0...11}
{0...200}

Table 7.7: Agent Data Low-Price Zone

7.3.4

Simulation Framework

In order to assess explicit auction design a similar framework as displayed in figure 7.2 is used. Agents submit their bids to the marketplace, then the market is cleared and the market outcomes (dispatch as
well as prices) are communicated to the agents. The agents may now
use this feedback to revise their strategies and decide for a subsequent
bid determined by the Q-learning algorithm. However, as for explicit
auctions two separate bids are necessary, the simulation framework is
to be modified in order to account for the different trading procedure.
The following steps are incorporated for simulation:
1. The system is initialized. Agents (generators) have no previous
knowledge of the market environment.
2. Generators from the low-price zone choose a capacity bid for the
transmission auction and a markup for subsequent energy trading
according to the ǫ-greedy policy.5
3. The transmission auctioneer collects the bids and clears the transmission market according to the procedure detailed in section 4.7.
4. If generators in the low-price zone have obtained capacity in the
transmission auction, they submit an export bid according to the
previously chosen markup. Generators from the high-price zone
bid according to the assumptions of perfect competition.
5 Despite the fact, that generators first obtain capacity and then submit an energy
bid, the strategic variables are determined simultaneously. The reasoning for such an
approach derives from the Q-learning model and will be discussed in the subsequent
sections.
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5. The energy markets in both countries (zones) are cleared using the
algorithms described in 4.7. Generators receive price and dispatch
feedback.
6. Generators compute their rewards according to the following expressions:
For native generators from the high-price zone:
RGenHj = PGenHj · M CPHP Z − CGenHj (PGenHj )

(7.3)

For generators from the low-price zone:
RGenLi

= PGenLi ,LP Z · M CPLP Z
+ PGenLi ,HP Z · M CPHP Z

(7.4)
(7.5)

− T CGenLi · T CP
− CGenLi (PGenLi )

(7.6)
(7.7)

with:
• RGenHj , (RGenLi ) being the rewards of the generators in the
high-price zone (low-price zone).
• PGenHj being the dispatch of the native generators in the
high-price zone.
• PGenLi ,HP Z , (PGenLi ,LP Z ) being the dispatch of the lowprice zone generators in the high-price zone (low-price zone).
• M CPLP Z and M CPHP Z being the market clearing price in
the low-price zone and the high-price zone.
• T CP being the transmission clearing price and T CGenLi representing the obtained capacity of generator GenLi .
Generally, the reward for generators from the high-price zone only
consists of earnings from their native market minus the cost of
production. The situation is different for generators from the lowprice zone. Their reward (see equations (7.4) - (7.7)) consists of the
earnings in the low-price zone (equation (7.4)) plus the earnings
from the high-price zone (equation (7.5)) diminished by the cost
of obtaining transmission capacity (equation (7.6)) diminished by
the cost of production (equation (7.7)).
7. Agents now update their Q-functions according to the rewards
obtained.
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8. The simulation continues with step number 2.
The above steps describe the simulation methodology used for explicit
auctions. In contrast with implicit auctions two separate bids for transmission and energy are to be delivered. To account for this behavior the
Q-learning algorithms (step 7) have to be modified accordingly.

7.3.5

Q-learning and Explicit Auctions

In the context of explicit auctions, three strategic agent variables have
requ
been defined: mupGenLi , vatcGenLi , T CGenL
. The latter two relate to
i
the price and quantity bid in the transmission auction, the first relates
to intercept manipulations in the energy market. From a conceptual
viewpoint these three strategic choices relate to two possible actions in
two markets and to two strategic decisions, which are not independent.
To model such a constellation in the context of Q-learning at least three
possible approaches are conceivable:
1. Separate modeling of actions in transmission and energy markets,
with separate action sets and Q-functions.
2. Partial coupling of decisions by keeping separate action sets and
Q-functions but defining a combined reward.
3. Unification of action sets to a three-dimensional space representing
all possible discrete action combinations.
For the explicit auction simulator the third approach was chosen. The
reasons are outlined below.
ad 1) The decoupled representation of decisions in transmission and
energy markets appears difficult from both a conceptual as well as an
reinforcement learning point of view. Looking from the perspective of
a trader, it seems to be questionable if the dependency of decisions in
transmission and energy markets can be neglected by retaining separate
action sets, Q-functions as well as reward functions. Transmission and
energy prices are strongly coupled favoring an interdependent representation. This argument is emphasized by the economic and Q-learning
properties of the problem. In the transmission market no independent
reward is generated. Transmission expenses are costs, which are incurred

7.3. Explicit Auction Simulator

105

by prospective energy trading activities. When an agent is learning an
optimal strategy in the transmission market as well as an optimal strategy in the energy market there is a likelihood that both strategies are not
optimal in combination. Such a situation may occur if agents minimize
expenses for transmission and maximize earnings from energy trade.
These two objectives are not complementary. Minimizing transmission
costs may lead to transmission allocations where it is not possible to
fulfil the objective of reward maximization in energy markets as not
enough transmission capacity was obtained. Or in other words: additional expenses for transmission capacity may be overcompensated by
the possibility to improve on energy sales leading to a different optimum than the combination of two local optima for independent actions.
Hence, this approach was not applied.
ad 2) To represent the dependency of cost in the transmission market
and the rewards obtained in the energy markets, a combined reward
function for both actions is conceivable, while still retaining independent actions sets as well as independent Q-functions. The idea is to allow
independent learning for both decisions, but explicitly representing the
relationship of cost and rewards. In a subsequent step the reward would
be mapped back to the single actions by applying a certain distribution
function. However, such a function could not be determined in a unique
way. To some extent the definition of such a function is arbitrary. Simulations have shown that policies are distorted and results were strongly
influenced by the choice of the mapping function of the rewards back to
the actions. Thus, this modeling approach was not implemented.
ad 3) In order to model the interdependence of transmission and energy markets, the three strategic variables mupGenLi , vatcGenLi and
requ
T CGenL
are represented using a discrete, three-dimensional action space.
i
By denominating the set of markups with (m), the set of transmission
quantity bids with (q) and the set of transmission price bids with (p),
the discrete action space is defined through m × q × p. Hence, an action
out of this space is given by amqk . By choosing this methodology, every
action amqk has an assigned Q-function Q(amqk ). In that, agents choose
their actions in both markets simultaneously, which may be regarded
as a simplifying assumption, nonetheless, through subsequent iteration,
the different expected payoffs Q(amqk ) in the end indeed reflect the
dependency.
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Assessment Methodology and Case Study

Introduction
The following section presents an evaluation of explicit auction design
using the sample network described in the preceding section. To allow
the comparison of explicit and implicit auction performance the system
is also simulated applying locational marginal pricing. LMP has been
chosen as reference CM scheme as it delivered the highest welfare with
the lowest potential for market manipulation (see section 7.2). The case
studies are structured as follows:
• Comparison of LMP and explicit auctions for the ‘ideal’ case of
perfect competition.
• Assessment of explicit auctions under the assumption of strategic
behavior in the transmission market only.
• Assessment of explicit auctions allowing strategic behavior in energy and transmission markets. Comparison with locational marginal pricing studying different levels of available generation capacity and resulting prices.

Perfect Competition
Independent Case
Under the assumption of perfect competition no strategic behavior neither in the transmission market nor in the energy markets is possible.
Market participants bid at their true marginal cost and reveal their
true marginal willingness to pay for transmission capacity. Relying on
the system presented in sections 7.3.2 and 7.3.3, the network is characterized by two price zones and an interconnecting transmission line. For
an initial assessment it is assumed that the transmission line is out of
service, and thus, both areas have to operate independently. The market clearing under these assumptions delivers the following results in
the low-price zone:6
6 To allow for a compact view of the table, the subscripts N P Z (HP Z) have been
NP Z .
adjusted to superscripts as follows: PGenLi ,NP Z → PGenL
i

7.3. Explicit Auction Simulator

1
2
3
4
P

Z
bidNP
GenLi
[$/MWh]
25
30
40
50
-

NP Z
PGenL
i
[MW]
†500
†500
500
0
1500

Z
RNP
GenLi
[$]
7500
5000
0
0
12500

Z
bidHP
GenLi
[$/MWh]
0
0
0
0
-
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HP Z
PGenL
i
[MW]
0
0
0
0
0

Z
RHP
GenLi
[$]
0
0
0
0
0

CC
[$]
0
0
0
0
0

Table 7.8: Clearing Results Perfect Competition Independent Case
(Low-Price Zone)
To satisfy a demand of 1500MW, the first three generators have to
be dispatched, where GenL3 with its marginal cost of 40$/MWh sets
NP Z
the clearing price. The ‘daggers’ in the dispatch column PGenL
indii
cate that these generators are dispatched up to their production maximum. The reward for generator GenL1 (GenL2 ) in the low-price zone
amounts to RGenL1 ,N P Z = 7500$ (RGenL2 ,N P Z = 5000$). GenL3 collects no reward as the clearing price reflects its marginal cost. Under the assumption of independent zones, generators can not export
into the high-price zone leading to a dispatch of PGenLi ,HP Z = 0M W
and a reward of RGenLi ,HP Z = 0$. Furthermore, generators have no
capacity cost (CC = 0$) as no capacity is auctioned. As inelastic
loads are assumed in the sample system, a consumers’ surplus can
not be determined, i.e. it is infinite. Producers’ surplus amounts to
RGenL1 ,N P Z + RGenL2 ,N P Z = 12500$. With no explicit auctions taking place there exist no auction revenues. The same analysis can be
carried out for the high-price zone. Table 7.9 collects the results:

1
2
3
4
P

Z
bidHP
GenHj
[$/MWh]
35
45
50
60
-

PGenHj ,HP Z
[MW]
†500
†500
†500
0
1500

RGenHj ,HP Z
[$]
12500
7500
5000
0
25000

Table 7.9: Clearing Results Perfect Competition Independent Case
(High-Price Zone)
The first three generators are dispatched up to their maximum production capacity. Thus, the next M W h produced must be injected by
GenH4 leading to a clearing price of 60$/M W h in the high-price zone.
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The column RGenHj ,HP Z collects the corresponding rewards.
Interconnected Case
Modifying the previous case study, it is now assumed that the transmission line (available capacity 200MW) connecting the low-price and
the high-price zone is in operation.
a) Locational Marginal Pricing
For an initial assessment the system is simulated applying locational
marginal pricing. Table 7.10 gathers the results. On the left-hand side,
the low-price zone is displayed (columns 2-4), on the right-hand side the
high-price zone (columns 5-7).

1
2
3
4
P

Z
bidNP
GenLi
[$/MWh]
25
30
40
50
-

NP Z
PGenL
i
[MW]
†500
†500
700
0
1700

Z
RNP
GenLi
[$]
7500
5000
0
0
12500

Z
bidHP
GenHj
[$/MWh]
35
45
50
60
-

HP Z
PGenH
j
[MW]
†500
†500
300
0
1300

Z
RHP
GenHj
[$]
7500
2500
0
0
10000

Table 7.10: Clearing Results Perfect Competition Interconnected Case
(Locational Marginal Pricing)
For LMP, generators only submit one production bid at their specific location, then welfare is maximized obeying the transmission constraint. Because of the interconnection, GenL3 is dispatched an additional 200MW flowing into the high-price zone. Accordingly, GenH3 has
to reduce its production to 300MW. This change in generation schedules does not influence the price in the low-price zone as still GenL3
is the marginal generator. However, the price in the high-price zone
drops to 50$/MWh as a marginal unit of production would now be produced by GenH3 with a marginal cost of 50$/MWh. The results show
that the price difference in the interconnected case is lower (10$/MWh)
compared with the autarkic case (20$/MWh). Apparently, consumers in
the high-price zone can benefit from this decrease in prices, promoting
an increase in social welfare.
b) Explicit Auctions
Looking at the same problem from an explicit auction viewpoint, the
market outcome is identical. Table 7.11 gathers the results for the lowprice zone.
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1
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3
4
P

Z
bidNP
GenLi
[$/MWh]
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40
50
-

NP Z
PGenL
i
[MW]
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0
1500

Z
RNP
GenLi
[$]
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0
0
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Z
bidHP
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-
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HP Z
PGenL
i
[MW]
0
0
200
0
200

Z
RHP
GenLi
[$]
0
0
2000
0
2000

CC
[$]
0
0
2000
0
2000

Table 7.11: Clearing Results Perfect Competition Interconnected Case
(Low-Price Zone)

Generators from the low-price zone are willing to sell energy to the
high-price zone, and thus, bid for transmission capacity. With perfect
information and perfect foresight, generators would anticipate the price
difference of 10$/MWh and bid no more than this price in the capacity
auction. This is indeed the case for GenL3 . Having available production
capacity, it bids 10$/MWh for the 200MW, leading to capacity cost of
2000$. It then exports its production, asking for a price of 40$/MWh,
where the clearing price with GenH3 being the marginal generator
amounts to 50$/MWh. The additional reward for GenL3 in the highprice zone amounts to (50$/M W h − 40$/M W h) · 200M W h = 2000$.
Thus, transmission expenses are compensated by the additional earnings from export trade.
Summary
The above case study has shown that countries (zones) can benefit from
energy trade by establishing an interconnection. Under the assumption
of perfect competition the outcomes for locational marginal pricing and
explicit auctions are identical. This result is in compliance with the
findings in [29]. However, the assumptions of perfect competition and
perfect foresight in energy and transmission markets are questionable.
It cannot be guaranteed that traders indeed anticipate the right price
levels and then bid accordingly not trying to exercise market power.
Thus, the analysis is extended allowing to simulate strategic behavior.

Game in Transmission Market Only
For the following analysis it is assumed that strategic behavior can
only take place in the transmission market, i.e. in the capacity auction.
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Hence, market participants must not necessarily reveal their true valuation of capacity but are able to behave strategically. Such a market
structure may be found if the existence of ‘pure’ arbitrageurs with no
generation facilities is assumed. Such an arbitrageur can maximize its
profits by buying energy in the low-price zone and selling energy in the
high-price zone. Behaving rationally, the arbitrageur would try to buy
as much energy as possible in the low-price zone and sell as much energy
as possible in the high-price zone. This objective is most likely to be
reached by not behaving strategically in energy trades, eliminating the
risk of not being accepted in the energy market, i.e. not being able to
buy, and subsequently, sell. Nonetheless, in the transmission capacity
auction the arbitrageur would try to bid as low as possible to maximize
its rewards. Such a behavior can be ‘mimicked’ with the simulator by
representing strategic activities in the transmission market but relying
on the assumptions of perfect competition in the energy markets. In
that case a comparison with locational marginal pricing is not possible
as the analysis is based on two separate bids, where in the case of LMP
only one bid is submitted - either incorporating strategic behavior or
not.7
The above analysis has shown that in the case of perfect competition a
price difference of 10$/MWh can be observed with the clearing prices
being M CPLP Z = 40$/M W h and M CPHP Z = 50$/M W h. As market
efficiency is at maximum under the assumptions of perfect competition,
auctions should aim at reaching this optimum taking into account the
risk of possible strategic behavior. For the analysis two cases are differentiated, one assuming no additional transmission auction rules and
one representing the concept of so-called transmission capacity slicing.
• Action set related to transmission quantities:
– First case study: A single generator is theoretically able to
requ
capture the total available transmission capacity: T CGenL
=
i
{200}.
– Capacity Slicing: Purchasable capacity per generator is limrequ
ited to 50MW: T CGenL
= {50}.
i
• Action set related to bids in transmission prices: As the price
difference between the two zones is expected to be approximately
7 A comparison with LMP is carried out in the next section, where the existence/exercise of market power in transmission and energy markets is analyzed.
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10$/MWh, the actions are discretized from zero up to a value of
eleven: tvGenLi = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11}. Generators may
either ‘restrain’ from bidding by submitting a bid of zero or offer
any price between zero and eleven, where the value of eleven is
introduced to test if generators have a higher valuation of capacity
than the expected price difference.
Capacity Auctions (No additional design rules)

Capacity Price in $

As outlined above, generators may bid strategically for transmission
capacity but exhibit their true marginal cost in the energy market. In
this example each generator is able to bid for the total available transrequ
mission capacity of 200MW (T CGenL
= {200}).8 Figure 7.6 shows the
i
evolution of the clearing price in the capacity auction.
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1000

Figure 7.6: Evolution of Capacity Price for Game in Transmission
From the figure it can be read that generators do not learn to bid the
precise price difference of 10$/MWh.9 Instead generators are willing to
pay 9$/MWh, which is the closest bid to 10$/MWh out of the discrete
set of bids tvGenLi = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11}. Simulations with
different sample discretizations of action sets have shown that generators
8 This assumption will be removed in the next case study by introducing limits
on the maximum reservable capacity per market participant.
9 The spikes observed in the evolution of the capacity price result from the Qlearning model. Agents may act at times randomly, and thus, may force the system
for certain time instants in a state other than the equilibrium state.
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bid marginally close to the price difference but not up to the price
difference itself. Such a behavior is likely to originate from the properties
of the Q-learning algorithm. As a transmission bid of 10$/MWh would
completely consume the additional earnings gained by export activities,
the Q-value of the corresponding action would be zero. To retain at
least a marginal overall reward, generators choose a bid marginally close
to the price difference. This leaves a certain reward but on the other
hand generators minimize the risk of not being dispatched. Following
this reasoning, it can be concluded that by bidding marginally close
to the price difference generators indeed reveal a capacity valuation of
10$/MWh. Thus, the market clearing results are identical to the results
obtained in the perfect competitive case (see table 7.11).
A case where a single generator is able to capture all available transmission capacity is similar to the assumptions of Bertrand competition,
which marks one extreme of the modeling spectrum of participant behavior as outlined in chapter 6. The opportunity to capture full capacity
by an appropriate bid appears to be a strong incentive for competition,
leading to an equilibrium close to the competitive equilibrium. Similar
observations have been made in [41].
Transmission Capacity Slicing
In the context of explicit auctions different additional design rules are
conceivable. One proposition studied e.g. in an Italian context was to
‘slice’ capacity by determining a maximum purchasable quantity per
participant. The idea was to reduce market power by securing that
a higher number of market participants is able to purchase transmission capacity. In contrast with the above presented case a single generator is now no longer able to capture all available capacity but is
restricted in its action by the purchase limit. For a sample simularequ
tion the limit has been set to 50MW per generator T CGenL
= {50}.
i
Figure 7.7 shows the simulation results. Apparently, generators learn
to bid 1$/MWh for generation capacity leading to a transmission capacity price of 1$/MW. Looking at the set of discrete price actions
tvGenLi = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11} similar findings as above apply. A bid of 1$ per MWh is the closest available bid towards zero.
Further simulations have shown that generators try to bid as close to
zero as possible, exhibiting a capacity valuation of ‘quasi’ zero, where
apparently a bid of zero is not beneficial because then no capacity is
allocated and no additional earnings from trade can be gained.

Capacity Price in $

7.3. Explicit Auction Simulator

113

12
11
10
9
8
7
6
5
4
3
2
1
0
0

200
400
600
800
Number of Market Clearings

1000

Figure 7.7: Evolution of Capacity Price for Game in Transmission (Capacity Slicing)
Whereas in the above case study there existed a strong incentive to
bid competitively, slicing capacity seems to discourage generators to
reveal their true capacity valuation. With fixed quantities of purchasable
capacity, generators can not ‘gain or lose’ by revising their strategies, i.e.
they are limited in their potential influence, and thus, lack an incentive
for competitive behavior.
Capacity slicing in this example also has no influence on energy prices
in the two zones, but causes changes to producers’ surplus and transmission auction income. Table 7.12 summarizes the results for the generators of the low-price zone.
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NP Z
PGenL
i
[MW]
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0
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Z
RNP
GenLi
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6750
4500
0
0
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bidHP
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i
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†50
†50
50
50
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Z
RHP
GenLi
[$]
∼ 1250
∼ 1000
∼ 500
∼0
∼ 2750

CC
[$]
∼0
∼0
∼0
∼0
∼0

Table 7.12: Clearing Results Interconnected Case Game in Transmission
(Low-Price Zone)
GenL3 is still the marginal generator in the low-price zone, setting the
clearing price to 40$/MWh. In the high-price zone GenH3 also remains

114

Chapter 7. The Congestion Management Simulator

the marginal generator setting the price to 50$/MWh (additional table
omitted). However, the producers’ surplus for generators in the lowprice zone increases. While, in the first case study the producers’ surplus
amounted to 12500$, now an increase by 1500$
be observed
P can
P HPtaking
NP Z
Z
into account the rewards in both markets ( RGenL
+
RGenL
=
i
i
14000$). The first three generators are better off as they improve their
profit through export trades but are not forced to bid competitively
in the transmission auction. Thus, no income for the transmission auctioneer is generated, which appears to be inefficient from a network perspective. Assuming that profits generated from capacity auctions will
be reinvested, no funding for network reinforcements is generated.
Conclusion
Imposing no additional rules for capacity auctions has created a market place close to the assumptions of a Bertrand competition. Such a
market, although characterized by an oligopoly structure, sets strong
incentives for competition and leads to clearing results close to an equilibrium as observed under the assumptions of perfect competition.
By slicing capacity, the position of generators in the low-price zone is
strengthened, while on the other hand the rewards of the transmission
auctioneer are strongly decreased. Projecting these results on a situation
where loads in the high-price zone can bid for capacity, similar conclusions can be drawn. Guaranteeing loads fixed portions of capacity will
reduce incentives to reveal their true transmission valuation but will on
the other hand lead to higher consumers’ surplus as experienced in the
same manner with the producers’ surplus in the simulations presented
above.
The results have been proven with different ‘slices’ of capacity, i.e. with
different limits on the purchasable quantity per participants. Additionally, the following rules could be defined:
• If the sum of all theoretically purchasable quantity ‘slices’ is below or equal to the total available capacity, participants exhibit
a capacity valuation of quasi zero, where the reasoning has been
outlined above.
• If the sum of all theoretically purchasable quantity ‘slices’ is greater
than the total available capacity, the capacity clearing price increases towards the difference of prices within the energy markets.

7.3. Explicit Auction Simulator

115

This effect is caused by increasing competition, eventually, leading to a situation where generators face ‘Bertrand’ competition
as analyzed in the previous case study with no additional auction
rules.

Game in Transmission and Energy Markets
In the following, the analysis is extended to allow for strategic behavior
in transmission and generation markets. For the assessment two cases
are distinguished: the first with sufficient generation capacity in both
zones to operate autarkic, the second with insufficient generation capacity in the high-price zone imposing the definite need for imports to
satisfy demand. The evaluation is supplemented by a comparison between explicit auctions and locational marginal pricing.
Autarkic Case
For the following case, the agent and network data presented in sections
7.3.2 and 7.3.3 is used without further modifications. Generators from
the low-price zone are now able to behave strategically in transmission
and energy markets with the following action sets:
• Action set related to transmission quantities: A single generator
is theoretically able to capture the total available transmission
requ
capacity: T CGenL
= {200}.
i
• As the price difference between the two zones is expected to be
approximately 10$/MWh, transmission quantity actions are discretized from zero up to eleven as outlined in the previous case
studies: tvGenLi = {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11}
• In contrast with the previous case studies, generators can now
set a markup in the high-price zone based on the following set of
actions:
– mupGenL1 = {0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55}
– mupGenL2 = {0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50}
– mupGenL3 = {0, 5, 10, 15, 20, 25, 30, 35, 40}
– mupGenL4 = {0, 5, 10, 15, 20, 25, 30}
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replacemen
The

markups are arranged to not exceed a bid price of 80$/MWh.
Although this value is chosen arbitrarily, it will serve as indicator
in the non-autarkic case.

a) Locational Marginal Pricing

Energy Price in $

For a first analysis, the system is simulated using locational marginal
pricing as congestion management scheme. Generators from the lowprice zone can set a markup for their bid with the action sets stated
above. Figure 7.8 displays the evolution of the energy prices.
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Figure 7.8: Evolution of Energy Price in Both Zones (Autarkic
Case/Locational Marginal Pricing). The dotted line representing the energy price in the low-price zone is obscured
by the ‘full’ line representing the energy price in the highprice zone indicating that energy prices in both zones are
identical.
Table 7.13 summarizes the corresponding system data after 1000 iterations if indeed each generator is choosing the reward maximizing
strategy it learned through repeated interaction. The asterisk in the
table indicates that GenL3 chooses a strategic bid of 50$/MWh. All
other generators are better off or acquire identical profits by behaving
competitively.
Obviously, generators submit price bids eliminating the price difference
between the two regions. This behavior increases the producers’ surplus
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Table 7.13: Clearing Results Game in Energy and Transmission (Autarkic Case/Locational Marginal Pricing)
in the low-price region to 25833$ compared with the perfectly competitive case (producers’ surplus 12500$). The increase is caused by generator 3 bidding at 50$/MWh driving the clearing price to this value. Such
a bid also reflects the marginal cost of generator 4 in the low-price zone.
Thus, GenL3 and GenL4 ‘share’ the marginal production in the marketplace. Or from a different perspective: the marginal cost of GenL4
‘constrains’ the maximum bid price for GenL3 . If generator 3 would bid
above 50$/MWh it would with high likelihood not be dispatched setting
a threshold to its possible strategic actions.
In the high-price zone the producers’ surplus remains unchanged with
a value of 10000$. Reminding the initial assessment objective of determining the influence of imports into a high-price zone, in this example
imports do not change clearing results. This effect is further discussed
below in conjunction with the findings from the explicit auction simulations.
From a network perspective, the dispatch shown in table 7.13 eliminates congestion on the transmission line as the flow amounts only to
∼ 167M W . This effect is obviously caused by strategic generator behavior increasing the price in the low-price zone, and thus, diminishing the
incentive for inter-zonal trade. As no congestion is present, no congestion rent can be collected. Hence, this example shows that the exercise
of market power may not only distort energy prices but may also cause
inefficiencies in terms of congestion management.
b) Explicit Auctions
In the following, the system is simulated applying explicit auctions.
Figure 7.9 displays the evolution of the energy prices in both zones
as well as the development of the capacity price. Consistent with the
findings from the above presented locational marginal pricing example,
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Energy Price in $

generators from the low-price zone cannot influence the price in the
high-price zone, i.e. they can not drive the price above 50$/MWh.
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Figure 7.9: Evolution of Energy and Capacity Prices (Autarkic
Case/Explicit Auctions)
As generators from the low-price zone are assumed to behave strategically only in the high-price zone, the clearing price in the low-price
zone remains at 40$/MWh. Hence, generators exhibit a transmission
valuation of 10$/MWh being the difference in energy prices of the two
zones. However, it appears reasonable to conclude that if strategic behavior in the low-price zone was allowed, generators would indeed use
this potential driving the price up to 50$/MWh, eventually eliminating
the price difference as observed in the LMP example.
c) Summary
Assuming autarkic zones and generators being able to bid strategically,
in the case of locational marginal pricing and explicit auctions, similar
effects related to the exercise of market power, welfare distribution and
network congestion have been observed. Generators in the low-price
zone, i.e. downstream of the congestion cannot exercise market power
in the high-price zone if sufficient generation capacity is available. If
low-price zone generators demand prices higher than the marginal cost
of the pivotal generator in the high-price zone, they are not dispatched.
Or in other words: The pivotal production unit in the high-price zone
sets a threshold to possible price bids of generators from the low-price
zone. This finding appears crucial in the context of available generation
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capacity in a national market. Although some generation capacity may
not be dispatched - assuming that participants behave in a perfectly
competitive way - this ‘expensive’ generation reserve apparently helps
limiting the potential abuse of market power by importing generation
companies. This finding will be supported by the next case study.
Non-autarkic Case
For a further analysis of the influence of the level of installed capacity, the generation data in the previously used system is modified. To
account for a situation where the high-price zone is dependent on imports from the low-price zone, demand in the high-price zone is set to
2200MW. With an installed generation capacity of 2000MW in the highprice zone, it is now necessary that 200MW of power are transmitted
in order to satisfy the load. To allow for the simulation of the modified
system, the agent data is given as follows:
• Action set related to transmission quantities: A single generator
is theoretically able to capture the total available transmission
requ
capacity: T CGenL
= {200}.
i
• As the price difference between the two zones is likely to be influenced by strategic generator behavior, the transmission quantity
actions are discretized as follows:
tvGenLi = {0, 5, 10, 15, 20, 25, 30, 35, 40, 45}
• In compliance with the autarkic case, generators can set a markup
based on the following set of actions:
– mupGenL1 = {0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55}
– mupGenL2 = {0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50}
– mupGenL3 = {0, 5, 10, 15, 20, 25, 30, 35, 40}
– mupGenL4 = {0, 5, 10, 15, 20, 25, 30}
The markups are arranged not to exceed a bid price of 80$/MWh.
Although this value is chosen arbitrarily, it will serve as an indicator.
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a) Perfectly Competitive Dispatch
To provide a benchmark for the analysis of strategic behavior first the
non-autarkic dispatch in case of perfect competition is computed. Table
7.14 gathers the results.

1
2
3
4
P

Z
bidNP
GenLi
[$/MWh]
25
30
40
50
-

NP Z
PGenL
i
[MW]
†500
†500
700
0
1700

Z
RNP
GenLi
[$]
7500
5000
0
0
12500

Z
bidHP
GenHj
[$/MWh]
35
45
50
60
-

HP Z
PGenH
j
[MW]
†500
†500
†500
†500
2000

Table 7.14: Clearing Results Perfect Competition
Case/Locational Marginal Pricing)

Z
RHP
GenHj
[$]
12500
7500
5000
0
25000

(Non-autarkic

Where the producers’ surplus in the low-price zone with a value of
12500$ does not change, producers’ surplus in the high-price zone increases significantly from 10000$ to 25000$. Obviously, generators in the
high-price zone benefit from the low level of installed generation capacity as all generators have to be dispatched in order to satisfy demand
- where generator 4 sets the price to 60$/MWh. As the system is congested, a congestion rent of 4000$ can be collected being the price difference multiplied with the transmitted quantity (20$/M W h · 200M W h).
b) Locational Marginal Pricing
In the following, the system is simulated under a LMP regime explicitly
allowing strategic generator behavior. Table 7.15 summarizes the results
if each generator chooses the reward maximizing strategy it learned
through repeated interaction.

1
2
3
4
P

Z
bidNP
GenLi
[$/MWh]
25
30
∗80
50
-

NP Z
PGenL
i
[MW]
†500
†500
200
†500
1700

Z
RNP
GenLi
[$]
27500
25000
8000
15000
75500

Z
bidHP
GenHj
[$/MWh]
35
45
50
60
-

HP Z
PGenH
j
[MW]
†500
†500
†500
†500
2000

Z
RHP
GenHj
[$]
22500
17500
15000
10000
65000

Table 7.15: Clearing Results Game in Energy and Transmission (Nonautarkic Case/Locational Marginal Pricing)
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Energy Price in $

The asterisk in the table indicates that GenL3 chooses a strategic bid
of 80$/MWh. All other generators are better off or acquire identical
profits by behaving competitively. Figure 7.10 shows the evolution of
energy prices in the two zones.
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Figure 7.10: Evolution of Energy Prices (Non-autarkic Case/Locational
Marginal Pricing). The dotted line representing the energy
price in the low-price zone is obscured by the ‘full’ line representing the energy price in the high-price zone indicating
that energy prices in both zones are identical.
Apparently, generators force the system to a clearing price of 80$/MWh,
which represents the highest possible bid out of the discrete set of actions. In compliance with the autarkic case, generators eliminate the
price difference between the two zones.
As only GenL3 is not dispatched up to its maximum production limit
of 1000MW, it becomes the marginal generator of the whole system,
and thus, can set the price in the two zones to 80$/MWh. Note, that a
price of 80$/MWh does not correspond to an equilibrium price. Indeed
GenL3 can ask for an arbitrary price as it realizes that it is needed in
the marketplace in order to satisfy demand. The example shows that
an inadequate level of generation capacity influences both zones.
The above behavior is also perturbing congestion management. As the
price difference between the two zones has been eliminated by strategic
bidding no network revenue can be collected.
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c) Explicit Auctions

Energy Price in $

Figure 7.11 shows the evolution of energy and capacity prices in case of
explicit auctions.
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Figure 7.11: Evolution of Energy and Capacity Prices (Non-autarkic
Case/Explicit Auctions)
In compliance with the results from locational marginal pricing, generators force the price in the high-price zone up to a value of 80$/MWh.
As no strategic behavior in the low-price zone is modeled, the price
difference amounts to 40$ where this value can also be observed as
transmission valuation in the capacity auction.10 It appears reasonable
to assume that by modeling strategic behavior in the low-price zone,
the price level would also have been driven up to 80$/MWh. Such a
development would eventually lead to the same outcome as observed
under locational marginal pricing.
d) Summary
Adjusting the level of demand to a situation where the high-price zone
must rely on imports, has revealed a strong potential for the exercise of
market power. The lack of installed generation capacity does not only
influence the zone where it occurs but it also affects the interconnected
zone with sufficient capacity reserves. To overcome the probable abuse of
10 As described in the previous case studies, generators in fact choose the closest bid
to 40$/MWh being 35$/MWh. With another discretization of action sets generators
would bid marginally close to the price difference of 40$/MWh.

7.3. Explicit Auction Simulator

123

market power adequate levels of generation capacity should be retained
as in the autarkic case it could be shown that the pivotal generator is
setting a threshold to strategic price bids.

7.3.7

Conclusion

In the previous section a simulation tool for explicit auctions has been
developed. The simulator is capable of simulating two-node networks
under the assumptions of perfect competition, game in transmission
markets and game in transmission and energy markets. To allow a comparison with implicit auctioning concepts the evaluation framework has
been unified relying on indicators, such as price level, distribution of
welfare as well as data originating from the Q-functions of the individual agents.
Simulations of a benchmark system have revealed that results are dependent on the modeling assumptions, i.e. if market participants are assumed to behave perfectly competitive or if strategic behavior is taken
into account. From the different case studies the following conclusions
can be drawn:
• Markets can benefit from mutual trading activities, but through
their physical interconnection they also share the risks associated
with strategic behavior and insufficient reserve generation.
• An adequate level of generation capacity has reduced the potential
to abuse market power. In that regard, price levels have proven to
be lower.
• Explicit auctions were most efficient when they were structured
close to the assumptions of Bertrand competition, i.e. participants
are not hindered in trade by limits on maximum purchasable quantities.
• In terms of exercising market power in an locational marginal pricing system or in an explicit auctioning system no major differences
have been found. Both congestion management schemes exhibit
the same sensitivity for strategic behavior in the benchmark system analyzed. However, it has to be noted that this finding may
not hold true for a network comprising a larger number of nodes.

Chapter 8

Case Studies
This chapter presents two case studies to investigate and prove the applicability of the simulator. In the first application example the developed
implicit congestion management simulator is used to study different CM
schemes for Switzerland and its neighboring countries. The second case
study presents a comparison of Nash equilibria analysis and multi-agent
systems, i.e. it is evaluated how the two modeling concepts relate to each
other in presence of Nash equilibria in the system.

8.1
8.1.1

France, Italy, Switzerland
Introduction

In terms of its location within the Central European transmission network, Switzerland is often regarded as ‘hub’ considering the significant
power flows ‘traversing’ Switzerland as well as the emerging trading activities. In [30] a network composed of Switzerland, France, and Italy
has been studied to determine the benefits of installing Flexible AC
Transmission Systems (FACTS). The idea is to control inter-area flow
patterns to eventually increase social welfare in the three countries. The
study has been conducted as “the transmission link between Switzerland and Italy is congested most of the time [...] during the year [where]
the link between France and Italy cannot be loaded to its total transfer capacity due to the physical conditions of the network.” In con125
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trast with technological means to alter network flow patterns, the latter
can also be changed by implementing different congestion management
schemes. As one objective of the legislative by the European Union is
to make maximal use of the capacities of the interconnectors between
the countries,[35] the following case study shows how line flows change
depending on the CM scheme. Furthermore, it evaluates the distribution of market power and social welfare in compliance with the analysis
carried out in the previous chapter. For the assessment, the network presented in [30] is used in a slightly modified version. Demand data are
adjusted to match the data requirements of the simulator. Nevertheless,
the fundamental properties of the model are not influenced.

8.1.2

Network Data

Figure 8.1 provides a schematic description of the network used to study
an interconnected system of France, Italy and Switzerland.
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~
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~
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5

~
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7
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Figure 8.1: Interconnected network of France, Italy and Switzerland
The power system consists of nbGen = 5 generators (G1 , · · · , GnbGen ),
nbLoad = 10 loads (L1 , · · · , LnbLoad ), nbN odes = 10 nodes (1, · · · ,
nbN odes) and nbLines = 14 lines (1, · · · , nbLines). The ellipses in
figure 8.1 mark the borders between the countries. The line impedances
as well as the maximum transfer capacities are summarized in table 8.1.

8.1. Case Study France, Italy, Switzerland
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

node
from
to
1
3
1 10
2
3
2
9
2 10
3
4
3
5
3
6
4
5
5
6
6
7
7
8
8
9
8 10

X
[p.u.]
0.1
0.27
0.12
0.07
0.14
0.1
0.17
0.17
0.17
0.17
0.16
0.25
0.25
0.07

127

Limit
[MW]
3000
2000
3500
2260
1580
1780
2150
3500
2150
2800
3500
2000
2260
3500

Table 8.1: Line Data France, Italy, Switzerland

8.1.3

Agent Data

Table 8.2 summarizes the generation and the load data.
Node
Gi
1
2
3
4
5
6
7
8
9
10

1
2
3
4
5
-

sGi
[e/MWh]
0.00134
0.0008
0.00012
0.00052
0.003
-

Generator
max
icGi
PG
i
[e]
[MW]
6.9
1200
24.3
8000
29.1
3000
6.9
800
50
2000
-

mupGi
[%]
{0,5,10}
{0,5,10}
{0,5,10}
{0,5,10}
{0,5,10}
-

mLj
[e/MWh]
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1

Load
nLj
[e]
80
80
160
80
80
230
290
390
140
240

PLmax
[MW]
55
55
1300
650
650
200
2600
3600
1100
1900

Table 8.2: Generation and Load Data (France, Italy, Switzerland)
Consistent with the previous example, generators can set up a markup
of 0, 5 or 10 percent. The table also displays the values for the slope
(sGi ) and the intercept (icGi ) of the marginal cost function as well as
the maximum production limits (PGmax
). To model the demand side,
i
in [30] for each load, limits on the maximum and the minimum consumption are determined. The limits are rather ‘tight’, i.e. the upper
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and the lower limit are mostly in a range of 200MW, with the slope
(icGi ) having a value of -0.45e/MWh. To be consistent with the previously presented benchmark system for implicit congestion management
schemes, the load data from [30] is modified as follows: The lower consumption limit is neglected, whereas each load is supposed to demand
its maximum consumption at a price of e30 per MWh. Considering the
previous case study, the slope is adjusted to a value of -0.1e/MWh.
Through the knowledge of the slope, the requested quantity and the
associated price, the intercept of the marginal willingness to pay (nLj )
can easily be determined (values displayed in table 8.2). These slight
modifications cause no change to the overall system behavior, i.e. when
applying locational marginal pricing the welfare and price properties of
the network remain close to the ones presented in [30].

8.1.4

Models of Congestion Management Schemes

Introduction
To assess the welfare and market power properties of the above introduced network, first the system is simulated applying locational marginal
pricing. No further assumptions are necessary. However, to evaluate
market splitting and flow-based market coupling, price zones have to be
defined, whereas for FBMC additional network simplifications have to
be made. The assumptions for market splitting and flow-based market
coupling are detailed below.
Market Splitting
As described in sections 3.4.2 and 4.5, for market splitting certain price
zones have to be defined a-priori. Although there exist no agreed rules
for the definition of such zones, in [43] the use of the intra-zonal price
deviation is discussed as appropriate measure for splitting the network
into zones. One may argue, that the intra-zonal price deviation should
be small in order to not distort locational incentives, i.e. significant
differences should not be ‘leveled out’ to retain appropriate price signals
for possible generation investments. In accordance with this argument,
for the network displayed in figure 8.1 the following approach for the
definition of zones is suggested:

8.1. Case Study France, Italy, Switzerland
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1. Computation of the welfare maximizing dispatch applying locational marginal pricing to determine the energy price at each node
in the system (the nodal price).
2. Definition of zones with the objective to keep the intra-zonal price
deviation in a reasonable range.
Table 8.3 displays the nodal prices for a welfare maximizing dispatch
under the assumption of perfect competition.
Country

Node

CH
CH
F
F
F
F
I
I
I
I

1
2
3
4
5
6
7
8
9
10

Price
[e/MWh]
39.68
13.10
30.08
30.76
31.90
34.87
42.16
53.56
21.95
65.60

Zone
CH-1
CH-2
F
F
F
F
I-1
I-1
I-2
I-1

Table 8.3: Locational marginal prices for the network of Switzerland,
France and Italy
Whereas in France price differences are below 5e/MWh, Italy and
Switzerland exhibit strong deviations. Apparently, these deviations are
caused by the congestion between Switzerland and Italy (line connecting nodes 2 and 10). While node 2 has the system’s lowest nodal price as
it is upstream of the congestion, node 10 exhibits the system’s highest
nodal price due to its downstream location. However, node 9 is characterized by the rather low price of 21.95e/MWh, making Italy a country
with deviations even stronger than those observed in Switzerland. Thus,
for the creation of zones it appears reasonable to represent Italy and
Switzerland by more than one zone, not solely relying on the original
country borders. Nevertheless, as one objective of market splitting is
to provide increased transparency and liquidity through the creation of
zonal markets, a balance has to be found between accuracy and simplicity. Hence, for the studied system a threshold of 20e/MWh has been
chosen as maximum intra-zonal price deviation. This threshold allows
to represent France as one zone, whereas Switzerland and Italy are both
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split into two sub-zones. Figure 8.2 displays a schematic of the network,
with the suggested zonal representation (see also table 8.3).

3
~

Switzerland
~

4

1
2

5

~

France

10

~

6

9

7

8 ~

Italy

Figure 8.2: Suggested market splitting representation of France, Italy
and Switzerland, where the line connecting node 2 and 10 is
congested.
Within the network five zones have been defined to keep the intra-zonal
price deviations within a reasonable range, where the above network
equivalent will be used in the subsequent case studies.

Flow-based Market Coupling
In sections 3.4.3 and 4.6 flow-based market coupling - in accordance
with market splitting - has been introduced as zonal congestion management concept. However, the legislative of the European Union has
emphasized that in the case of FBMC price zones should follow country
borders. Thus, for flow-based market coupling, the network is simplified
as displayed in figure 8.3. Each country is represented as a copperplate (see section 4.6). Unfortunately, such a network equivalent is not
uniquely defined as the transmission lines have to be ‘aggregated’ to
one interconnector per border. The problem of none-uniqueness has already been described in section 4.6. Obviously, the larger the network
the more possibilities for simplification exist. For the following analysis,
a network equivalent with the following properties has been chosen:
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• For the line connecting node 6 and 7 (border France-Italy), the
‘true’ impedance is used, as no further simplifications is necessary.
• For the lines from node 1 to 3 and from node 2 to 3 (border
Switzerland-France) the impedances have been treated as if they
were in parallel. 0.12 || 0.1 = 0.054.
• For the border between Switzerland and Italy the impedances of
the lines 1-10, 2-10 and 1-9 have also been treated as if they were
in parallel. 0.27 || 0.07 || 0.14 = 0.0055.
• The claim that by dispatching generation and loads through means
of market coupling, the flows induced must not violate the flows
in the ‘real’ network make it necessary to impose the following
interconnector limits:
– Border between France and Italy: 3500 MW
– Border between France and Switzerland: 5000 MW
– Border between Switzerland and Italy: 4500 MW

5000MW

Switzerland

France
4500MW
3500MW

Italy

Figure 8.3: Flow-based market coupling model for the interconnected
network of France, Italy and Switzerland
As described, the above network equivalent is one possibility out of a
set of possibilities. The subsequently presented evaluation results are
to be examined taking this fact into account, i.e. the results presented
below are sample assessments.
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Simulation Results

Welfare Analysis (Perfect Competition)
Table 8.4 presents the results for a welfare analysis under the assumption
of perfect competition.
Total Demand
Prod Surplus
Consum Surplus
Congestion Cost
Overall Welfare
min nk
max nk
congested line

LMP
13415
65398
1395742
142234
1603374
13.10
65.60
2-10

MaSplit
13414
87553
1387947
126408
1601908
12.71
54.10
2-10

change
∼0%
+33.88%
-0.56%
-11.13%
-0.09%
-2.98%
-17.53%
-

FBMC
13198
76609
1356264
155715
1588588
21.32
55.17
1-3

change
-1.62%
+17.14%
-2.83%
+9.48%
-0.92%
+62.75%
-15.9%
-

Table 8.4: Welfare Analysis (Perfect Competition)
At a glance, the differences in overall welfare for LMP, market splitting and flow-based market coupling are small, with LMP exhibiting
the highest welfare. However, there are significant deviations in the distribution of producers’ and consumers’ surplus as well as total demand
and congestion cost:
• Total demand is at maximum for LMP, followed by market splitting and FBMC.
• Market splitting exhibits the highest producers’ surplus, followed
by FBMC and LMP.
• Consumers’ surplus is at maximum in the case of locational marginal
pricing, followed by market splitting and FBMC.
• Congestion cost are at minimum in the case of market splitting.
Thus, compared with LMP and FBMC the lowest income for the
ISO is generated.1
• FBMC exhibits the lowest price deviation, whereas LMP reveals
the highest difference in energy prices.
1 Network usage is further assessed in a subsequent section evaluating the line
loading depending on the chosen congestion management scheme.
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Welfare Analysis (Oligopolistic Competition)
Table 8.5 presents the results for a welfare analysis assuming that generators may behave strategically.
Total Demand
Prod Surplus
Consum Surplus
Congestion Cost
Overall Welfare
min nk
max nk
congested line

LMP
13154
97935
1349252
155682
1580385
13.83
71.29
2-10

MaSplit
13153
122168
1340605
138642
1578628
13.4
58.71
2-10

change
∼ 0%
+24.74%
-0.64%
-10.95%
-0.11%
%
%
-

FBMC
12860
115940
1305896
165965
1556284
23.60
59.67
1-3

change
-2.24%
+18.38%
-3.21%
+6.61%
-1.53%
+70.64%
-16.3%
-

Table 8.5: Welfare Analysis (Oligopolistic Competition)
Similar to the competitive case, despite the small differences in overall
welfare, the particular indicators exhibit significant deviations.
• LMP still reveals the highest overall welfare, where decreases for
market splitting and FBMC are stronger compared with the perfectly competitive case.
• As in the case of perfect competition market demand is at maximum for LMP, followed by market splitting and FBMC.
• Compared with the perfectly competitive case, producers’ surplus
is generally higher, as generators are indeed able to exercise market power. Producers’ surplus is at maximum for market splitting,
followed by FBMC and LMP.
• Consumers’ surplus for oligopolistic competition is generally lower
compared with perfect competition. This effect complements the
above finding, that generator raise price levels, and thus, increase
profits, whereas, loads are forced to spend more for consumption.
• Congestion cost are at maximum for FBMC, followed by LMP
and market splitting.
• There is a significant increase in overall price levels for all congestion management schemes, caused by generators exercising market
power.
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Market Power Analysis
For an analysis of market power in case of oligopolistic competition, the
methodology developed in section 7.2.6 is applied. Additional figures
displaying the development of the Q-functions for each generator are
not presented, as the evolutions in qualitative terms are very similar to
the ones shown in figures 7.3 and 7.4. Table 8.6 collects the deviations
Di as defined in section 7.2.6 as a measure of market power.
Gen
1
2
3
4
5

no
high
no
no
high

LMP
+3.5%
+73.3%
+3.43%
+0.2%
+201,71%

no
high
no
no
high

MaSplit
-6.51
+36.42
+3.95
+1.03
+179.15

%
%
%
%
%

FBMC
no
+0.17%
significant
+8.42%
significant
+19.02 %
no
+0.45 %
high
+150.83 %

Table 8.6: Market power analysis for the system comprising Switzerland, Italy and France
The analysis shows that the distribution of market power in the system
is similar for LMP and market splitting, i.e. these schemes exhibit alike
patterns, with generator 2 (France) and generator 5 (Italy) having a
high potential for exercising market power. Although FBMC reduces
the market power for generator 2 (France), now the second french generator receives significant market power. Hence, for FBMC three generators have the possibility to behave strategically compared with LMP
and market splitting only facing the risk of price manipulation by two
generators. However, generator 1 and generator 4 are not able to exercise market power in any of the schemes. It seems that the ‘price setting’
countries are in any case France and/or Italy, i.e. the countries downstream of the congestion. Nevertheless, it has to be noted that the system used for analysis may apparently not serve as realistic equivalent of
the transmission system comprising Switzerland, Italy and France. The
analysis reveals that it is of central importance to investigate possible
effects of restructuring proposals as the markets are sensitive to changes
in congestion management schemes.
Lineflow Analysis
The sections on welfare analysis in the case of perfect and oligopolistic
competition revealed that market demand as well as social welfare are
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at maximum for locational marginal pricing. These characteristics may
be taken as indicator that by using LMP, trade is facilitated the most,
which is one objective of the EU regulation, where special emphasis is
put on incentivizing cross-border exchanges. Paragraph 6, article 3 of the
regulation 1228/2003 on “Conditions for access to the network for crossborder exchanges in electricity” states, that “The maximum capacity of
the interconnections and/or the transmission networks affecting crossborder flows shall be made available to market participants, complying
with safety standards of secure network operation.”[35] Hence, in the
following the utilization of cross-border transmission lines is analyzed
to provide a ‘physical’ measure of the performance of the different congestion management schemes.
Figure 8.4 presents a bar graph of the line loadings of the interconnectors
between France, Italy and Switzerland.
100

Line Loading [%]

80

LMP
MaSplit
FBMC

60
40
20
0

CH-F CH-F CH-I CH-I CH-I

F-I

Interconnector

Figure 8.4: Line loading of the interconnectors between France, Italy
and Switzerland. LMP denoting locational marginal pricing,
MaSplit abbreviating market splitting and FBMC indicating
flow-based market coupling
For all congestion management schemes and transmission lines, locational marginal pricing exhibits the highest loading, followed by market splitting and FBMC. Evaluating this result in terms of the EU
legislation, LMP makes the most capacity available on the interconnections. This finding is valid for both perfect and oligopolistic competition,
where figure 8.4 represents the perfectly competitive case. Apparently,
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this property emphasizes that congestion management schemes should
take into account the ‘real’ network topology instead of simplifying the
grid. Such simplifications are obviously inefficient in terms of market
performance as well as in terms of network utilization.

8.1.6

Conclusion

The previously presented case study has evaluated the influence of different implicit congestion management schemes on a market comprising
Switzerland, France and Italy. The assessment has been carried out incorporating a welfare analysis, as well as an analysis of market power
and transmission grid usage. Considering these three fields of analysis, LMP ‘performed’ best. Under the assumptions of perfect as well as
oligopolistic competition, LMP exhibited the highest social welfare and
the highest usage rate of the transmission grid. However, market splitting revealed similar properties concerning welfare and market power.
Significant differences could only be found for FBMC. The differences
apparently emphasize that flow-based market coupling suffers from the
problem of necessary grid simplifications, which can not be carried out
in a unique way. Applying this finding to explicit auctions, which may
be regarded as simplifying network properties even stronger, network
usage is not likely to reach the efficiency of locational marginal pricing.
However, an efficient network usage must not necessarily coincide with
a low potential for the abuse of market power or high market efficiency.
In that respect, the introduction of congestion management schemes
may be seen as a multi-criteria optimization problem characterized by
different interests and aims. In that sense, there is no doubt that every proposal will see ‘winners’ as well as ‘losers’. These characteristics
strongly emphasize the need for thorough investigations of restructuring
proposals, especially in a Central European context. For this task the
proposed simulator may provide a reasonable basis.
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Multi-agent Systems and Nash Equilibria Analysis for Market Modeling
Introduction

The following case study presents a comparison between equilibria analysis and agent-based modeling for an electricity market based on locational marginal pricing. It is explicitly shown how the concepts relate
to each other, i.e. how Nash equilibria influence the behavior of the
multi-agent system.2 For the evaluation, the developed implicit congestion management simulator is used. In contrast to the previous example
demand is assumed inelastic. This view represents a short-term perspective, i.e. the simulation tries to capture the properties of a day-ahead
market. The related demand characteristics are determined in the agent
data. The remainder of the case study is organized as follows: first the
concepts of game theory, matrix games and Nash equilibrium are shortly
reminded in order to extend the evaluation framework to Nash equilbria
analysis. In a subsequent section the test network is described, followed
by the analysis of system behavior in the presence of one equilibrium or
two equilibria.

8.2.2

Game Theory, Matrix Games and Nash Equilibria

Matrix Games and Repeated Play
As introduced in section 5.3.2 game theory is a concept to study interactive decision making between multiple individuals. In the context
of electricity markets several types of games have been studied ranging
from Bertrand to Cournot competition.3 For this case study a non2 The case study relies to a great extent on the following paper: “T. Krause, G.
Andersson, D. Ernst, E. Vdovina-Beck, R. Cherkaoui, A. Germond: A Comparison
of Nash Equilibria Analysis and Agent-based Modelling for Power Markets in press:
International Journal of Electrical Power & Energy Systems - The International
Journal for Power System Computation, 2006” For the computation of the Nash
equilibria in the system as well as for the analysis of the game theory approach, the
author would like to thank the research team of the EPF Lausanne, E. Vdovina-Beck,
Dr. R. Cherkaoui and Prof. Dr. Alain Germond as well as Dr. D. Ernst.
3 See section 6.4.1 for a list of references.
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cooperative game played repeatedly a finite number of times is considered. Such a type of game can be mathematically described by a
so-called normal form matrix game, which is defined through:
• a set of n agents {1, · · · , n}
• A1 ,· · · , An finite sets of pure actions available to the agents (Ai
is the space of actions for agent i)
• pi denoting the mixed strategy used by agent i to select its actions.
pi (ai ) representing the probability for agent i to select action ai ∈
Ai . A pure strategy is a degenerate case of a mixed strategy for
which ∃ai ∈ Ai such that pi (ai ) = 1. p = (p1 , · · · , pn ) denotes the
strategy profile for the matrix game.
• ri : A → R being the reward function of the stage game for agent
i where A = A1 × · · · × An . In the case of mixed strategies the
expected reward is calculated as:

ri (p1 , · · · , pn ) =

X

p1 (a1 ) ∗ · · · ∗ pn (an ) ∗ ri (a1 , · · · , an )

(8.1)

a∈Ai

where a = (a1 , · · · , an ). If such a single stage matrix games is played
a subsequent number of times it is called repeated game. While the
space of actions and corresponding payoffs is kept invariant, the choice
of strategy might be influenced by the history of the game. A repeated
game can be formally described through:
• t ∈ {1, · · · , T } referring to a particular period of the game.
• at = (at1 , · · · , atn ) being the action profile played at t.
• ht = (a1 , a2 , · · · , at−1 ) denoting a specified history of the game at
period t (in other words it is the collections of actions that have
been chosen in all previous iterations by all the agents).
• si denoting the mixed strategy used by agent i to select its actions.
Si is the set of possible mixed strategies for agent i. This strategy
may be such that the probability to select an action at time t may
depend on the history of the game ht . s = (s1 , · · · , sn ) denotes
the repeated game strategy profile.

8.2. Nash Equilibria Analysis and Multi-agent Systems

139

• the payoff ui of each agent given by the weighted cumulative sum
of payoffs it obtains in every period, where δ is a discount factor:4

ui = ri1 + δri2 + · · · + (δ)T −1 riT =

T
X

(δ)t−1 rit

(8.2)

t=1

The above general framework defines arbitrary repeated games. However, in this cases study a particular class of repeated-game strategies
are considered called open-loop strategies. This is a basal type of historyindependent dynamic games, in which the approach is to focus the analysis on winning strategies rather than on a comparison of cumulative
payoffs.
Nash equilibrium
Together with the foundations of analytical market modeling (see section 5.3.2) the Nash equilibrium has been introduced as an agent’s strategy being a best response to the strategies of the others. Thus, a player
has no incentive to unilaterally change its behavior as this would result in a decrease of payoffs. The Nash equilibrium of a stage game is
formally defined as follows: The strategy profile p∗ = (p∗1 , · · · , p∗n ) is a
Nash equilibrium if for all i ∈ {1, · · · , n}
ri (p∗1 , · · · , p∗n ) ≥ ri (p∗1 , · · · , p∗i−1 , pi , p∗i+1 , · · · , p∗n )

(8.3)

In the case of finite repeated games the subgame consists of a sequence
of single stage-game equilibria. The repeated game strategy profile s∗ is
a subgame-perfect Nash equilibrium if for all i ∈ {1, · · · , n}
s∗i ∈ arg max ri (si , s∗−i ).

(8.4)

si ∈Si

If there is a unique stage-game equilibrium then it is repeated over whole
game. For the particular problems studied here only pure stage-game
Nash equilibria have been observed (see section 8.2.4). Since the action
spaces Ai are finite in the examples, these Nash equilibria are at every
stage computed by enumeration of all n-tuples of A and selection of
those which are satisfying equation (8.3).
4 (δ)t refers to δ to the power of t while r t refers to the reward observed by agent
i
i at time t.
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Repeated Play and Subgame-Perfect Nash Equilibria
The previous case studies have shown that multi-agent systems based
on reinforcement learning models rely on repeated interaction. For this
reason the concept of matrix games was extended to repeated matrix
games (see above). In the context of history-independent strategies,
agents play T times the matrix game and use the knowledge of the
subgame-perfect Nash equilibria of the corresponding repeated game to
select their strategies Si . If the matrix game has just one single Nash
equilibrium p∗ , there is only one subgame-perfect Nash equilibrium.
Therefore, by using the knowledge of the subgame-perfect Nash equilibrium to select its action at period t, agent i will choose an action
according to the mixed strategy p∗i . If the matrix game has nbEq Nash
equilibria, it implies that there are T nbEq subgame-perfect Nash equilibria. In this case it is supposed that every agent randomly selects one
of these subgame-perfect Nash equilibria to determine its strategy. By
proceeding like this, agents will not necessarily have strategies which
correspond to the same subgame-perfect Nash equilibrium and do not
seek to select equilibria having some particular properties (e.g. Pareto
optimality). Note, that selecting a subgame-perfect Nash equilibrium
at random or selecting T times a Nash equilibrium of the stage game
at random are two ”equivalent things”. Therefore, it is assumed that,
when using subgame-perfect Nash equilibria to select its actions, agent
i selects a Nash equilibrium p∗ at every t at random and plays an action
according to the mixed strategy p∗i .

8.2.3

Market Structure and Corresponding Matrix
Game

Market Structure
For comparing Nash equilibria analysis and multi-agent modeling a
mandatory locational marginal pricing market is assumed. Consistent
with the previous developments, suppliers submit bids in the form of
linear marginal price functions. The power system again has nbGen
generators (G1 , · · · , GnbGen ), nbN odes nodes (1, · · · , nbN odes) and inelastic and constant loads. The decision problem of the power suppliers
is the same described in section 6.4.1. Generators may decide to add
a certain markup mupGi to their true marginal cost. After the agents
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submitted their bids to the marketplace, the ISO is in charge of clearing
the market by maximizing welfare while obeying generation, load and
network constraints. The resulting dispatched quantities as well as nodal
prices are taken as input for the Q-learning algorithm of the agents.
Corresponding matrix game
With the above described market structure, the one-stage matrix game
consists of:
• nbGen active agents (G1 , G2 , · · · , GnbGen ) (the generators)
• their corresponding finite sets of pure actions AGi
• corresponding reward functions rGi that are actually functions
of joint actions of all participants since the power dispatch and
nodal prices depend on the bids submitted by every generator.
The reward function rGi is defined by:
rGi = nGi · PGi − M CGi · PGi

(8.5)

where PGi is the dispatched quantity for generator Gi , nGi its
nodal price and M CGi the marginal cost of production.

8.2.4

Case Studies

Test Market Description and Simulation Conditions
Simulations are carried out on the power system shown in figure 8.5.
The market is cleared according to the procedure detailed in section 4.4.
The system has four loads and three generators. The loads are assumed
to be inelastic and constant, and every generator Gi is assumed to have a
, a linear marginal cost function
maximum production capacity of PGmax
i
CGi (PGi ) = icGi + sGi · PGi and a finite set of markups mupGi . The
values of the production limits and the marginal cost functions as well
as the description of the sets of markups are given in Table 8.7.
Note, that the lowest markup of each generator is zero, while its highest
possible markup is set to not exceed the price cap of 60$/MW at any
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~

node 1

100 MW

100 MW

node 3

node 4

0.0064

0.0281

~
G2

0.0180
0.0297

G1

0.0304

0.0297

node 2
50 MW

node 5
250 MW

~
G3

Figure 8.5: Power System Description

G1
G2
G3

max [MW]
PG
i
300
300
250

icGi [$]
10
10
20

sGi [$/MW]
0.02
0.02
0.04

mupGi [$]
{0, 10, 20, 30}
{0, 10, 20, 30}
{0, 10, 20}

Table 8.7: Generation Data and Sets of Markups
possible production level. The line connecting nodes 2 and 5 can only
transfer 100 MW, and as a result may be subjected to congestion. For
the other lines of the system, it is supposed that there exist no power
dispatches that may lead to flows greater than their transfer capacity. The numbers close to the lines denote the value of their reactance
expressed in pu.
In the simulation two different cases are considered. In the first case, it
is supposed that only generators G1 and G3 behave as active agents,5
while G2 always bids its marginal cost function to the ISO. In the second case, all three generators are considered as being active agents. For
each case the market dynamics are simulated when the active agents
are modeled through Q-learning, and discuss several characteristics of
this dynamics at the light of the information derived from the Nash
equilibria analysis, i.e the direct computation of the different pure Nash
equilibria. When using reinforcement learning algorithms, the update
of the different Qi -functions of the agents depends on the value of the
5 By active agent, an agent is meant that actively selects its actions in order to
maximize its rewards.
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parameters αti . First, simulations are carried out with these parameters set to 0.1 ∀i, t. Furthermore, the value of ǫ, the parameter that
determines the degree of randomness in the action selection process, is
initially chosen equal to 0.1 for all agents. This means that each agent
selects the action that maximizes its Qi -function with a probability of
0.9 and with a probability of 0.1 an action at random.
Two Generators Behaving as Active Agents
For assessing the case studies agent-based modeling and Nash equilibria analysis are distinguished. The approaches are outlined in separate
paragraphs, then the results obtained are compared focussing on the
interdependencies between the two concepts. For the present case with
two generators being modeled as active agents, Nash equilibria is analyzed first.
Nash Equilibria Analysis
For computing the Nash equilibria, the market is cleared for all combinations of bids (determined by the respective markups chosen by each
generator). Thereby, the reward functions are computed for G1 and G3
(see table 8.8). Then an explicit search is carried out for the bids (and
thus for the markups) which satisfy expression (8.3). Table 8.8 follows
the layout of a payoff table as generally used to describe matrix games.
In the present case, G1 is the row player and G3 the column player. As
an example, if G1 chooses a markup of 30$ and G3 sets the markup to
20$ the reward of G1 will be 1430$ and respectively 3050$ of G3 , which
indeed corresponds to the Nash equilibrium.
0$
0$
10$
20$
30$

140
480
0
0

0
0
0
0

10$
290
1400
480
1520
1000
1520
0
2000

20$
430
2800
480
3050
1000
3050
1430* 3050*

Table 8.8: Reward functions when G1 and G3 are the only active agents

Agents use subgame perfect Nash equilibria to select actions
If it is considered that the agents select actions from the knowledge of
the subgame perfect Nash equilibria according to the procedure outlined

144

Chapter 8. Case Studies

in section 8.2.2, it is obvious that agent G1 will always select a markup
of 30$ and agent G3 a markup of 20$. Indeed, there is only one Nash
equilibrium for the matrix game which implies a unique subgame perfect
Nash equilibrium for the repeated game.
Agent-Based Model
Figure 8.6 shows the evolution of the Q-function for G3 . Each curve
in this figure represents the evolution of the expected reward for the
different markups. Thus, each curve shows what G3 believes it will obtain by choosing a certain markup and submitting the resulting supply
function to the ISO. From figure 8.6 it can be read that G3 rapidly
learns that it should choose its highest possible markup of 20$. G3 apparently ‘realizes’ its advantageous position in the network. Due to the
limited transfer capacity of the line between nodes 2 and 5 and a power
consumption of 250 MW at node number 5, there is a high likelihood
for G3 to be dispatched. Hence, G3 receives market power, which it exploits by choosing the highest possible markup. G1 learns that its best
strategy is to choose a markup of 30$ (see Figure 8.7). In comparison
to G3 the learning is somewhat slower, since only after approximately
100 clearings of the market 20$ becomes the markup that maximizes its
Q-function.

Expected Payoff in $

4000
mup = 20$

3000

mup = 10$

2000
1000

expected payoff is zero for mup = 0$
↓

0
0

200

400

600

800

1000

Number of Market Clearings

Figure 8.6: Evolution of the Q-function for G3 (2 active agents)
The dips observed in the evolution of the different curves drawn in Figure 8.7 result from the ǫ-greedy strategies used by the different agents of
the system. In one out of ten times, on the average, the generators will
submit a bid (markup) totally at random. This may modify the power
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mup = 30$

1500
Expected Payoff in $
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1000
mup = 20$3
mup = 10$

500

mup = 0$
0
0

200

400

600

800

1000

Number of Market Clearings

Figure 8.7: Evolution of the Q-function for G1 (2 active agents)
dispatches and the nodal prices and therefore “perturb” the previous
estimates of the different Q-functions, where the perturbation influences
G1 much stronger than G3 . Table 8.9 gathers the information in case
G1 and G3 indeed submit their greedy bid functions (determined by the
respective markups). In the same table the corresponding power dispatches, nodal prices and rewards are given. Although with such power
dispatches the line connecting nodes 2 and 5 is congested, the same
nodal prices can be observed, as the next MW will either be produced
by G1 or G3 , both manipulating the intercept of their bid functions to
50 $ by choosing their highest markup. Although the cost functions are
not constant, the slope is that small that variations of the production
level do not significantly influence nodal prices.
G1
G2
G3

mupGi [$]
30
0
20

PGi [MW]
48
300
152

nGi [$/MW]
50
50
50

Reward [$]
1430
9000
3050

Table 8.9: Market input and output when after 1000 of market clearings
the generators select their greedy bids.

Three Generators Behaving as Active Agents
Now the market dynamics are assessed with all generators being modeled as active agents. Thus, G2 is no longer limited to bid its marginal
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cost function, but can determine a markup mup2 out of the discrete action set {0$, 10$, 20$, 30$}. First, Nash equilibria analysis is presented,
then the results obtained are used to describe the evolution of the system with respect to the agent-based approach.
Nash Equilibria Analysis
Consistent with the previous case the market is cleared for all combinations of bids. Then the reward functions for G1 , G2 and G3 are
computed. In that, the payoff matrix for the one-shot game can be
constructed as three dimensional matrix given by r1 × r2 × r3 with ri
denoting the generators’ reward functions. Searching for Nash equilibria the following two pure equilibrium points can be identified: (I) G1
bidding its marginal cost function mupG1 = 0$ and G2 and G3 choosing
their highest markups of mupG2 = 30$ and mupG3 = 20$ and (II) G2
bidding its marginal cost function mupG2 = 0$ and G1 and G3 choosing
their highest markups of mupG1 = 30$ and mupG3 = 20$. The computation shows that for this particular case there exists no equilibrium
in mixed strategies. At both equilibrium points G3 always chooses its
highest markup, thus a payoff matrix can be constructed assuming G3
sets its markup mupG3 to 20$. Table 8.10 displays the results. The two
equilibrium points are highlighted by (*).
0$
10$
20$
30$

0$
430
0
480
2690
1000 5850
1430* 9000*

10$
3290
600
3290
600
1000 5850
1430 9000

20$
6140 1200
6140 1200
6140 1200
1430 9000

30$
9000* 1800*
9000 1800
9000 1800
5400 5230

Table 8.10: Payoff Table for G1 (row) and G2 (column) with G3 choosing
a markup of 20 $

Agents use subgame perfect Nash equilibria to select actions
It is considered that the agents know the different Nash equilibria and
use them to select their actions according to the procedure outlined in
section 8.2.2.
By repeating the matrix game, it becomes obvious that agents G1 and
G2 are switching between mup = 0$ and mup = 30$ whereas G3 permanently adheres to his dominant strategy (mupG3 = 20$) (see Fig.8.8).
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Payoff in $

Strategy

10000

30
G1

5000

0

0

25

10000

50

25

50

25

50

30
G2

5000

0

0

25

10000

50
20

5000
0
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G3
25
50
Number of Iterations

0

25
50
Number of Iterations

Figure 8.8: Evolution of the payoffs and of the actions using subgame
perfect Nash equilibria
There are two stable Nash equilibria in the system and agents unilaterally assess what strategy to play in order to get into one of these equilibria. Due to the lack of coordination between these agents, different
situations may occur. Either they play the (0, 30, 20) equilibrium, the
(30, 0, 20) equilibrium or no equilibrium at all (in which cases (30, 30, 20)
or (0, 0, 20) are played).
Agent-Based Model
In the two active agent case it could be observed that for one pure
Nash equilibrium the Q-functions indeed converge to this equilibrium.
Now the development of the Q-functions is assessed with all generators
modeled as active agents. For G3 the evolution of the Q-function is
similar to the evolution displayed in figure 8.6.6 G3 learns that it has
market power and that it should choose a markup of 20$ to maximize its
reward. This development is in accordance with the results obtained by
Nash equilibria analysis. At both equilibrium points the greedy action
for G3 is to choose the highest markup. However, the development of
the Q-functions for G1 and G2 differs significantly. If when only G1 and
G3 were active agents, it was observed (see figures 8.6 and 8.7) that the
Q-function learned by G1 clearly indicated that a markup of 30$ was
6 Because

of the similarity no additional figure is provided.
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the greedy action, this is no longer happening here. In the present case
the greedy action always changes. Furthermore, the evolution of the
Q-function seems now to respond to a cyclic process. Figures 8.9 (G1 )
and 8.10 (G2 ) show the evolution of the Q-functions. It can be seen,
that when a markup of 30$ is the greedy action for G1 , G2 chooses a
markup of 0$ and vice versa. These two combinations of markups indeed
correspond to the single stage Nash equilibria (see table 8.10). In the
following this cycling process will be assessed. It is helpful to keep in
mind, that actions of one generator influence not only its own reward but
also the reward of the others and that the randomness (introduced by
the ǫ-parameter) plays an important role. For argumentation table 8.10,
figure 8.9 (displaying time instants t1 to t3 ) and figure 8.11 (displaying
time instants t3 to t5 ) are used.
First, it is assumed that after an arbitrary number of market clearings
time instant t1 is reached, with mupG1 = 0$ and mupG2 = 30$ being the
greedy actions (determining the first Nash Equilibrium point), where for
G1 the expected payoffs of the non-greedy actions are all below 4000 $.
Now the system moves on to time instant t2 , where G1 and G2 still keep
their greedy actions of mupG1 = 0$ and mupG2 = 30$, but in case of G1
the expected rewards for mupG1 = 10$ and mupG2 = 20$ develop close
to the reward of the greedy action.7 Thus, a situation is faced where
due to random actions of G2 the greedy action of G1 might change.
t1 t2 t3 mup = 0$
↓

Expected Payoff in $

10000
8000

interrupted
cycle
↓
mup = 30$
↓

6000
4000
2000
0
0

2000

4000

6000

8000

10000

Number of Market Clearings

Figure 8.9: Evolution of the Q-function for G1 (3 active agents)
7 From table 8.10 it can be read that the rewards for mup = 0$, mup = 10$ and
mup = 20$ are all equal to 9000$, assuming G2 is bidding at 30 $.
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mup = 0$
↓

10000
Expected Payoff in $
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8000
6000
mup
= 30$
↓

4000

←
interrupted
cycle

2000
0

4000
6000
8000
2000
Number of Market Clearings

0

10000

Figure 8.10: Evolution of the Q-function for G2 (3 active agents)
This indeed happens at time instant t3 . Due to a random bid of G2 ,
choosing a markup of either 0$, 10$ or 20$, the expected reward of
mupG1 = 0$ for G1 falls below the expected reward of mupG1 = 10$.
Thus, mupG1 = 10$ becomes the greedy action of G1 . Table 8.10 shows
that given a markup of mupG1 = 10$, G2 can do better by choosing
a markup mupG2 = 0$. This behavior is indeed learned (time instant
t4 ). The same consideration applies to G1 . With mupG2 = 0$ G1 can
do better by bidding at mupG1 = 30$ (time instant t5 ). Eventually, the
second Nash equilibrium is reached.8 Figure 8.11 provides a sample of
the cyclic variation of the greedy actions for G1 and G2 . For the other
half of the cycle a similar line of argument applies. As the mechanism
follows the considerations above, a detailed explanation is not delivered.
The path is displayed as dotted line in figure 8.11.
0$
0$
10 $
20 $
30 $

t5

10 $

20 $

30 $
t3

t4

Figure 8.11: Variation of Greedy Strategies with Time for G1 and G2
Note, that the paths might deviate slightly as for a number of bid-tuples
8 The transits at time instants t and t are occurring very fast. Thus, they can
4
5
not be observed in the displayed Q-functions.
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identical rewards are faced. Thus, generators are indifferent between
those bids and the action is determined by random influence. Nevertheless, this does not change the overall cycling mechanism. Furthermore,
due to the randomness, cycles may not be fully completed and the generators may revert to the previous equilibrium point at any stage (see
figures 8.9 and 8.10).
Parameter Dependency of Agent-Based Approach
In the previous analysis the experimentation parameter ǫ and the learning rate α were kept constant - both at values of 0.1. However, one may
argue that a different choice of parameters will influence the model outcome. Hence, simulations with different discrete sets of parameters were
carried out. For α and ǫ being smaller than 0.1, less frequently oscillatory
behaviors were observed, and, when observed, the periods of oscillation
seem to be larger as the generators act less randomly and the learning
is slower. The frequency of the cycles tends to increase with α and ǫ
but, with too large values for these parameters, the oscillatory behavior
disappears and the evolution of the Q-functions seems to be driven by
a totally random process. To explain this, first ǫ may be assumed large.
In that case no learning takes places, as all actions are selected totally
at random. A learning rate of 1 has a similar influence. As only the last
reward received determines the value of the Q-function (the expected
reward) learning can not evolve over time. Hence, an almost arbitrary
development of the Q-functions is faced.
Nevertheless, a cyclic or oscillatory model behavior occurred for almost
every combination of α and ǫ in the three active agent case (two Nash
equilibria). For one Nash equilibrium (two active agent case) it was
found that with smaller values of α and ǫ the learning is slower but
the equilibrium is still approached, whereas for values close to 1 the Qfunctions may not evolve to the equilibrium point and seem to develop
in an almost arbitrary way as described above.

8.2.5

Conclusion

To compare Nash equilibria analysis and agent-based modeling a locational marginal pricing market was defined as repeatedly played matrix
game. Generators may act strategically by bidding above their marginal
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production cost. To assess this behavior a Q-learning algorithm was
employed as behavioral agent model. Simulations were carried out on
a benchmark power system. First, the Nash equilibria of the system
were computed analytically and then compared to the results obtained
by the agent-based approach. It was shown that in case of one Nash
equilibrium there is a high likelihood for the Q-learning algorithm to
indeed converge to this equilibrium, whereas in case of two Nash equilibria cyclic behavior is observed. It was assured that these phenomena
are robust with respect to different parameters. Therefore, it can be
concluded that in the presence of multiple equilibria cyclic phenomena
are likely to occur.

Chapter 9

Conclusion and Outlook
This chapter concludes the thesis by summarizing the work, drawing
conclusions and providing an outlook of prospective associated research
topics.

9.1

Summary of the Thesis

This thesis proposes an agent-based simulation tool for evaluating congestion management schemes in liberalized electricity markets under
the assumptions of perfect competition as well as considering the existence/exercise of market power and resulting strategic behavior. For the
development of the simulator first the foundations of liberalized electricity markets have been outlined, introducing a unified terminology for
common electricity market notions. Using the terminology a qualitative
assessment of congestion management schemes has been carried out,
revealing that non-market based concepts are not suitable for CM in
a European context. To further implement a quantitative assessment
tool for CM schemes a unified mathematical modeling framework has
been presented, followed by a description of current modeling methodologies for electricity markets. From the spectrum of possible modeling
concepts, multi-agent systems have been chosen as they provide the possibility to ex-ante assess market design being capable of representing the
complex interactions between technical and economic system parts. The
153
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proposed modeling framework has been implemented, providing a simulation and analysis tool capable of evaluating explicit as well as implicit
congestion management concepts. In the context of the simulator a set
of indicators was suggested, covering aspects of social welfare, price levels and market power. The simulation and evaluation framework has
been tested on a benchmark system incorporating a study of Switzerland, France and Italy. A concluding case study compared equilibria
analysis and multi-agent systems focussing on the interdependence of
the modeling concepts.

9.2

Conclusion

Simulation and subsequent evaluation of different market architectures
have revealed the following aspects:
• In terms of market design and congestion management schemes in
general:
– Although locational marginal pricing in the studied benchmark systems exhibited the highest social welfare together
with the most efficient grid utilization, it appears difficult to
conclude that LMP in any case is the first-best congestion
management scheme. Every concept has to be evaluated in
the context of the specific network topology, the characteristics of the generation portfolio and the properties of the
demand side.
– Congestion management schemes (such as flow-based market coupling and explicit auctions) that abstract away from
the ‘real’ network topology suffer from the problem of arbitrary network simplifications leading to non-unique grid
equivalents which may not be acceptable considering the diverse national interests within Europe. Or in other words:
the highly meshed European network has no ‘true’ simplified equivalent making the process of simplification a rather
political issue.
– Markets benefit from mutual trading activities, but through
their interconnection they also share the risks associated with
strategic behavior and insufficient generation reserves. In that,
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national markets should try to retain adequate generation
reserves to be able (if necessary) to operate autarkic. Generation reserves revealed a strong positive impact on reducing the potential to abuse market power. This finding may
also trace back to the origins of the European interconnected
power system, where all countries were able to operate autarkic and the interconnections were used for back-up or emergency purposes. By still having enough generation resources
national markets would operate close to the conditions the
system was originally designed for.
– In terms of exercising market power in a locational marginal
pricing system or in an explicit auctioning system no major
differences have been found for a two-node benchmark system. Both congestion management schemes exhibit a similar
sensitivity to strategic behavior (depending on the level of
generation resources).
• From a modeling perspective:
– The distribution of market power is apparently influenced by
economic as well as network properties making it necessary
to take these properties jointly into account when assessing
issues of strategic behavior. Considering the implications of
this finding, traditional measures of market power such as the
Herfindahl-Hirschmann-Index exhibit a limited applicability
to power systems.
– Equilibria analysis and multi-agent systems revealed significant dependencies. Applying both concepts to a benchmark
system the same equilibrium states could be determined.
Thus, the findings in terms of welfare and market power
derived from agent-based modeling and equilibria analysis
complemented each other.
• From a Swiss perspective (based on the network displayed in figure
8.1):
– For a market comprising Switzerland, France and Italy, locational marginal pricing exhibited the highest welfare as
well as the most efficient transmission usage. Nonetheless,
the simulated network only provides a rough indication of
general effects, making a thorough analysis necessary. The
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proposed simulation tool may serve as a reasonable basis for
such an investigation, however, it is rather unlikely that the
data needed for such an analysis will be made available.
– For all studied congestion management schemes, Swiss generators could not significantly influence price developments.
This finding may originate from the fact that flows inside
Switzerland are mainly determined by the neighboring countries. Furthermore, Switzerland is located upstream of the
congestion, where market power is apparently often determined by a downstream location.

9.3

Outlook

For further research along the directions provided by this thesis various topics are conceivable. The following proposals indicate a rough
characterization of a few possible fields of interest.
• The developed simulator allows to study the effects of different
market architectures in terms of the application of different congestion management schemes. Hence, the simulator helps analyzing regulatory measures to optimize market performance by e.g.
altering auction design, defining trading protocols, introducing different trading entities etc. Such structural changes can be seen as
economic ‘cure’ to market performance, where on the other hand
there may exist suitable technological measures. One conceivable
measure is the application of Flexible AC Transmission Systems
(FACTS) devices. As market power is often associated with market participants being able to significantly influence flow and generation patterns in the network, FACTS devices may reduce this
ability by changing power flow properties to the advantage of
the network as well as of the marketplace(s). An incorporation
of FACTS devices would require the extension of the DC power
flow to a ‘full’ AC power flow, making it possible to represent the
transmission system in a more realistic way.
• The simulator is built around the concept of ordinal utility functions, i.e. although it is possible to calculate price levels and welfare indicators these numbers are not to be used as precise forecasts of prospective prices. This property mainly originates from
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the need to provide discrete action sets for market participants to
be used in conjunction with the Q-learning algorithm. The discretization eventually determines which price and welfare levels
can be reached. Although it is possible to use these forecasts in
an ordinal way, i.e. to determine if a situation is better or worse,
an extension of the agent models to continuous action spaces may
deliver forecasts which can be used in a cardinal sense, i.e. for
price forecasts.
• It would be highly beneficial, not only in an European context, if
an efficient market design could be identified, maximizing welfare
as well as system security. The further development of modeling
concepts based on agent-based computational economics may help
to work out key components of such an ‘efficient’ market design.
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Hochschule Zürich, 2004.
[31] L. de Vries, “Capacity allocation in a restructured electricity market: technical and economic evaluation of congestion management
methods on interconnectors,” in Power Tech Proceedings, 2001
IEEE Porto, vol. 1, 2001, p. 6 pp. vol.1.

162

BIBLIOGRAPHY

[32] “Flow-based market coupling,” European Transmission System
Operators (ETSO) Association of European Power Exchanges (EuroPex), Tech. Rep., 2004.
[33] A. Ehrenmann and Y. Smeers. Inefficiencies in european congestion management proposals. [Online]. Available:
http://www.ksg.harvard.edu/hepg/
[34] “Reconciliation of market splitting with coordinated auction concepts - technical issues,” European Transmission System Operators
(ETSO), Tech. Rep., 2002.
[35] “Regulation on cross-border exchanges in electricity 1228/2003, european parliament and council.”
[36] X. Ma, D. Sun, and K. Cheung, “Evolution toward standardized
market design,” Power Systems, IEEE Transactions on, vol. 18,
no. 2, pp. 460–469, 2003.
[37] E. Bompard, P. Correia, G. Gross, and M. Amelin, “Congestionmanagement schemes: a comparative analysis under a unified
framework,” Power Systems, IEEE Transactions on, vol. 18, no. 1,
pp. 346–352, 2003.
[38] R. Green, “The political economy of the pool,” in Power Systems
Restructuring - Engineering and Economics, M. Ilic, F. Galiana,
and L. H. Fink, Eds. Boston: Kluwer Academic Publishers, 2000.
[39] “An overview on current cross-border congestion management
methods in europe,” European Transmission System Operators
(ETSO), Tech. Rep., September 2004 2004.
[40] R. Audouin, D. Chaniotis, P. Tsamasphyrou, and J.-M. Coulondre,
“Coordinated auctioning of cross-border capacity: an implementation,” in Power System Management and Control, 2002. Fifth International Conference on (Conf. Publ. No. 488), 2002, pp. 25–30.
[41] H. R. Varian, Intermediate Microeconomics, 3rd ed.
W. W. Norton and Company, Inc., 1990.

New York:

[42] A. J. Wood and B. F. Wollenberg, Power Generation, Operation
and Control, 2nd ed. New York: John Wiley and Sons, 1996.
[43] M. Bjorndal and K. Jornsten, “Zonal pricing in a deregulated market,” The Energy Journal, vol. 22, no. 1, pp. 51–73, 2001.

BIBLIOGRAPHY

163

[44] R. Schmalensee and B. W. Golub, “Estimating effective concentration in deregulated wholesale electricity markets,” RAND Journal
of Economics, vol. 15, no. 1, 1984.
[45] J. B. Cardell, C. C. Hitt, and W. W. Hogan, “Market power and
strategic interaction in electricity networks,” Resource and Energy
Economics, vol. 19, no. 1, 1997.
[46] C. D. Wolfram, “Strategic bidding in a multi-unit auction: An empirical analysis of bids to supply electricity in england and wales,”
RAND Journal of Economics, vol. 29, no. Winter, 1998.
[47] S. Borenstein, J. Bushnell, and C. Knittel, “Market power in
electricity markets: Beyond concentration measures,” The Energy
Journal, vol. 20, no. 4, 1999.
[48] J. Bushnell, “California’s electricity crisis: a market apart?” Energy
Policy, vol. 32, no. 9, pp. 1045–1052, 2004.
[49] R. L. Earl, “Lessons from the first year of competition in california
electricity markets,” The Electricity Journal, vol. 12, no. 8, 1999.
[50] R. P. O’Neill, B. Hobbs, D. Mead, and M. Rothkopf, “Short-term
electric auction markets: Isos, information, the inconvenience of
non-convexity, and inappropriate behavior,” in Bulk Power Systems
/ Dynamics and Control IV / Restructuring, L. H. Fink and C. D.
Vournas, Eds., Santorini, Greece, 1998.
[51] J.-J. Laffont and J. Tirole, A Theory of Incentives and Procurement
in Regulation. The MIT Press, 1993.
[52] H. R. Varian, Microeconomic Analysis, third edition ed. New York:
W. W. Norton and Company, 1978.
[53] B. Hobbs, C. Metzler, and J.-S. Pang, “Strategic gaming analysis
for electric power systems: an mpec approach,” Power Systems,
IEEE Transactions on, vol. 15, no. 2, pp. 638–645, 2000.
[54] B. Hobbs, “Linear complementarity models of nash-cournot competition in bilateral and poolco power markets,” IEEE Transactions
on Power Systems, vol. 16, no. 2, pp. 194–202, 2001.
[55] B. Hobbs and F. Rijkers, “Strategic generation with conjectured transmission price responses in a mixed transmission pricing

164

BIBLIOGRAPHY
system-part i: formulation,” Power Systems, IEEE Transactions
on, vol. 19, no. 2, pp. 707–717, 2004.

[56] B. Hobbs, F. Rijkers, and A. Wals, “Strategic generation with conjectured transmission price responses in a mixed transmission pricing system-part ii: application,” Power Systems, IEEE Transactions on, vol. 19, no. 2, pp. 872–879, 2004.
[57] D. W. Bunn, Ed., Modelling Prices in Competitive Electricity Markets, ser. Wiley Finance Series. John Wiley and Sons Ltd., 2004.
[58] B. Gailly, M. Installe, and Y. Smeers, “A new resolution method for
the parametric linear complementarity problem,” European Journal of Operational Research, vol. 128, no. 3, p. 639, 2001.
[59] O. Daxhelet and Y. Smeers, “The eu regulation on cross-border
trade of electricity: A two-stage equilibrium model,” European
Journal of Operational Research, vol. In Press, Corrected Proof,
2006.
[60] J. C. Cox and M. Walker, “Learning to play cournot duopoly strategies,” Journal of Economic Behavior and Organization, vol. 36,
no. 2, p. 141, 1998.
[61] S. Cincotti, E. Guerci, and M. Raberto, “Price dynamics and
market power in an agent-based power exchange.” Proceedings of
the International Conference on Noise and Fluctuations in Econophysics and Finance, 2005.
[62] I. Praca, C. Ramos, Z. Vale, and M. Cordeiro, “Mascem: a multiagent system that simulates competitive electricity markets,” Intelligent Systems, IEEE [see also IEEE Intelligent Systems and Their
Applications], vol. 18, no. 6, p. 54, 2003.
[63] L. Tesfatsion, “Agent-based computational economics,” Department of Economics, Iowa State University, Ames, Iowa, Tech. Rep.,
2003.
[64] I. Watanabe, K. Okada, K. Tokoro, and S. Matsui, “Adaptive multiagent model of electric power market with congestion management,” vol. 1, 2002, p. 523.
[65] D. K. Levine and D. Fudenberg, The Theory of Learning Games.
The MIT Press, 1998.

BIBLIOGRAPHY

165

[66] Y. Smeers, “Computable equilibrium models and the restructuring,” The Energy Jorunal, vol. 18, no. 4, pp. 1–31, 1997.
[67] J.-Y. Wei and Y. Smeers, “Spatial oligpolostic electricity models
with cournot generators and regulated transmission prices,” Operation Research, vol. 47, no. 1, pp. 102–112, 1999.
[68] M. Wooldridge, “Intelligent agents,” in Multiagent Systems - A
Modern Approach to Distributed Artificial Intelligence, G. Weiss,
Ed. Cambridge, Massachusetts: The MIT Press, 1999, pp. 27–77.
[69] N. R. Jennings, K. Sycarca, and M. Wooldridge.
A roadmap of agent research and development. autonomous agents and multi-agent systems. [Online]. Available:
http://eprints.ecs.soton.ac.uk/2112/01/roadmap.pdf.gz
[70] S. Borenstein and J. Bushnell, “An empirical analysis of the potential for market power in california’s electricity industry,” The
Journal of Industrial Economics, vol. 47, no. 3, pp. 285–323, 1999.
[71] B. Andersson and L. Bergmann, “Market structure and the price
of electricity: An ex ante analysis of deregulated swedish markets,”
The Energy Jorunal, vol. 16, no. 2, pp. 97–109, 1995.
[72] W. W. Hogan, “A market power model with strategic interaction
in electricity networks,” The Energy Journal, vol. 18, no. 4, pp.
107–141, 1997.
[73] B. F. Hobbs, “Mill pricing vs. spatial price discrimination under
bertrand and cournot spatial competition,” Journal of Industrial
Economics, vol. 35, pp. 173–192, 1986.
[74] P. Aghion and P. Bolton, “Contracts as barriers to entry,” The
American Economic Review, vol. 77, no. 3, pp. 388–400, 1987.
[75] B. F. Hobbs, F. A. M. Rijkers, and A. F. Wals, “Modeling strategic
generator behavior with conjectured transmission price responses in
a mixed transmission pricing system: formulation and application,”
in PES General Meeting, 2004, p. 1155 Vol.1.
[76] R. Green and D. Newberry, “Competition in the british electricity
spot market,” Journal of Political Economy, vol. 100, no. 5, pp.
929–953, 1992.

166

BIBLIOGRAPHY

[77] F. Boisseleau, T. Kristiansen, K. Petrov, and W. van der Veen, “A
supply function equilibrium model with forward contracts - an application to wholesale power markets,” in 6th IAEE European Conference 2004 - Modelling in Energy Economics and Policy, Zurich,
2004.
[78] S. Harvey and W. W. Hogan. California
prices and forward market hedging. [Online].
http://ksghome.harvard.edu/˜whogan/

electricity
Available:

[79] P. Klemperer and M. Meyer, “Supply function equilibria in oligpoly
under uncertainty,” Econometrica, vol. 57, no. 6, pp. 1243–1277,
1989.
[80] R. Baldick, R. Grant, and E. Kahn, “Theory and application of
linear supply function equilibrium in electricity markets,” Journal
of Regulatory Economics, vol. 25, no. 2, pp. 143–167, 2004.
[81] A. Minoia, D. Ernst, and M. Ilic, “Market dynamics driven by the
decision-making of both power producers and transmission owners,” in IEEE PES General Meeting, Denver, USA, 2004.
[82] C. Metzler, B. F. Hobbs, and J.-S. Pang, “Nash-cournot equilibria
in power markets on a linearized dc network with arbitrage: Formulations and properties,” Networks and Spatial Economics, vol. 3,
pp. 123–150, 2003.
[83] L. P. Kaelbling, M. L. Littman, and A. W. Moore, “Reinforcement
learning: a survey,” Journal of Artificial Intelligence, vol. 4, pp.
237–285, 1996.
[84] C. Watkins, “Learning from delayed rewards,” Ph.D. dissertation,
Cambridge University, 1989.
[85] G. Conzelmann, M. North, G. Boyd, R. Cirillo, V. Koritarov,
C. Macal, P. Thimmapuran, and T. Veselka, “Simulating strategic market behavior using an agent-based modeling approach,” in
6th IAEE European Energy Conference on Modeling in Energy Economics and Policy, Zurich, 2004.

Curriculum vitae
29. Apr. 1977

Born in Dresden, Germany

1983 – 1991

64. Polytechnische Oberschule (POS)
Dresden-Laubegast, Germany

1991 – 1995

Secondary school: Gymnasium
Dresden-Grosszschachwitz, Germany

1996 – 2002

Study of Economics and Engineering
at TU Dresden, Germany

2002 – 2006

Assistant at the Power Systems Laboratory,
ETH Zurich; PhD thesis under the supervision
of Prof. Dr. G. Andersson

167

