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Abstract
This thesis is based on studies of the deregulated electricity markets located in
the United States of America. The problem statement of the thesis evolved con-
tinuously throughout our initial period of research. Focus was finally put on
monitoring and detection of potential market power caused by congestion in the
transmission network. The existence of market power is a serious concern in to-
day’s electric energy markets. A system that monitors the trading is needed and
much research and many proposals on how to deal with this problem have been
introduced over the years. We focus on some of these approaches and develop an
approach of our own, which we call “Monopolistic Energy Calculation”. We adopt
the idea to identify participants with the ability to raise prices without losing mar-
ket share. An ability that should not be present on a competitive market. We take
this idea further by identifying participants with the ability to make considerable
price raises without losing all market shares. We propose a way to calculate the
remaining market shares (Monopolistic Energy Levels) after a large price raise.
These calculated levels of energy, that are only deliverable by a certain participant
or by a certain group of participants, are caused by the active congestions in the
network. The approach detects the amounts of these energy levels and the location
in the network at which they are present. This is a prospective method if used
with a prediction of the following day’s demand, which is regularly available with
high accuracy. The method can also be used for monitoring purposes to identify
critical situations in real-time. The method is implemented and two sets of simu-
lations are done in which we explain and evaluate the approach. The results are
promising and the correlation between “Monopolistic Energy” and market power
is confirmed.

Sammanfattning
Detta examensarbete är baserat på studier av de deregulerade electricitsmark-
naderna i USA. Problemformuleringen var i början av detta arbete inte
definitiv, utan utvecklades under en längre inledande fas av forskningsarbete.
Slutligen kunde vi faställa att detektion av potentiell marknadskraft på
elektricitetsmarknaden, orsakat av överbelastningar i transmissionnätverket, var
av särskilt intresse. Ett system som övervakar handeln och förekomster av
orättvisor orsakat av detta är nödvändigt. Det har de senaste åren gjorts mycket
forskning inom detta område.
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Baserat på denna forskning utvecklades sedan ett eget förslag, som vi kallar
”Monopolistic Energy Calculations”. Vissa tidigare förslag på hur problemet kan
angripas blev av särskilt intresse. En idé från dessa var att identifiera marknad-
saktörer med förmågan att höja priser utan att förlora marknadsandelar, en icke
önskvärd egenskap hos aktörer då en konkurrenskraftig marknad är eftertraktad.
Vi tar denna idé ett steg längre genom att identifiera marknadsaktörer med förmå-
gan att höja priser signifikant utan att förlora alla marknadsandelar. Vi föreslår ett
sätt att beräkna dessa energinivåer som endast är möjliga att levereras av en eller
ett fåtal särskilda aktörer, som direkt följd av de aktiva stockningarna i nätverket,
under antagandet av en inelastisk efterfrågan. Vi föreslår ett sätt att beräkna de
återstående marknadsandelarna (Monopolistic Energy Levels) efter en stor
prishöjning. Vår metod beräknar mängden av denna energi och var i nätverket
dessa mängder förekommer. Denna metod kan sia om framtida problem om en
estimering av morgondagens efterfråga används. Sådana estimeringar görs idag
regelbundet med hög träffsäkerhet. Metoden kan även användas i realtid för
upptäckt av kritiska marknadssituationer. Simuleringar av detta görs som förklarar
vår lösning och utvärderar den. Resultaten är lovande och korrelationen mellan
”Monopolistisk Energi” och marknadskraft är bekräftade.
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Chapter 1

Introduction

1.1 Problem Statement

In electricity energy markets trading is done with both electrical energy and finan-
cial instruments. The commerce relates to a specific time interval in the future.
For every such interval a price is calculated depending on supply and demand.
During certain time intervals power transfer capability of the grid may be con-
strained along certain lines or corridors. This may cause lack of cheap energy in
some areas and surplus in others. There are different ways in which the market
participants can exploit a favorable position in the network at these times, which at
times may cause unreasonable price elevations. The problem considered is known
as a certain kind of Market Power, that has been observed being exploitable in
the relative short history of the deregulated electricity market. Identify a specific
problem within the areas of power systems, electricity markets and market power.
Understand and expose the main underlying reasons of this problem. Specify a
solution approach and then create a proof of concept using simulation tools.

1.2 Thesis Outline

This thesis is divided into two parts. In Part I, a summary of the most important
background material is given. It consists of four chapters. In Chapter 2 the market
structure and rules are explained. In Chapter 3 we focus on market monitoring
and the definitions of market power. In Chapter 4 the mathematical formulations,
that have to be addressed when dealing with power distribution, are introduced. In
Chapter 5 the various approaches, on detection of market power that we encoun-
tered during our studies, are explained. In Part II the computational methods,
the two sets of simulations and our conclusions and ideas for future work are given
in a chapter each.
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2 Introduction

1.3 ABB Network Management
ABB is the world leader in IT-solutions for efficient network management in power
generation, transmission, distribution and consumption. ABB provides solutions
for deregulated electricity markets and traditional electricity markets. Their com-
plete portfolio includes Energy System Operation including SCADA (Supervision,
Control and Data Acquisition), Asset Management solutions, Central Market solu-
tions and Resource Scheduling solutions. In Santa Clara the research, development
and maintenance of these products are performed. In other words, ABB Network
Managment build the systems that implement the markets. All problems like,
clearing of the market, scheduling generation and pricing of energy are automated
with these products.

1.4 Gathering of Background Material
We acquired most of the background information using the Internet. With the
use of Google we found many papers relating to various aspects of the deregulated
electricity market. Our supervisor Khosrow Moslehi provided us with a collection
of papers, CDs from various IEEE conventions and a book on power systems.
Nearly all background material has been scientific papers. We worked in an office,
side by side, with the world experts in this area. The input and support from
these people has been valuable, and will be referred to as input from “field experts
at ABB” when applicable in this thesis.

1.5 Definitions and Abbreviations
Dispatch is how much real energy a generator is producing or will be producing.
Sometimes we use the word in a broader sense.
Optimal dispatch the optimal assignation of power generation.
Getting dispatched, means that the supplier was entered in the schedule, for
delivering some amount of power during some period in time. Congestion is
when a transmission line is being used at its maximum capacity.
LMP is short for Locational Marginal Price
OPF is short for Optimal Power Flow
ME is short for Monopolistic Energy
GME is short for Groups Monopolistic Energy
A Player is a Market Participant that sells or buys energy
P is real power injections
λ is often a vector holding the LMPs
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1.6 The Authors respective Contribution
This thesis is a joint thesis that will be evaluated by our examiners at our respective
schools. Daniel Gecer’s degree is a Master of science in Engineering Physics at the
Royal Intistute of Technology in Stockholm, Sweden. Martin Elfstadius’s degree is
a Master of science in Electrical Engineering and Applied Physics at Linköping’s
University in Linköping, Sweden. This thesis is the final part of the author’s
education. It was conducted at ABB Network Management located in Santa Clara,
California, USA. The work done before the actual writing of the report has been
a team effort. The simulations given in Chapter 7 and 8 are performed by each
author separately. Given the instructions from our schools, we here explain how
the writing of this thesis was divided between the two authors.

• Daniel Gecer wrote: Chapters: 3, 4 and 7. Sections: 2.1 and 2.5.

• Martin Elfstadius wrote: Chapters: 5, 6 and 8. Sections: 2.2-2.4

• Joint writing: Chapters: 1 and 9

In Part I where the background material is given, we sometimes make a heading
“Discussion:”. Comments under such a heading are conclusions and ideas of our
own. Our own work presented in Part II is based on our understandings from Part
I.
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Part I

Background Theory
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Chapter 2

The Electricity Market

2.1 Deregulation
The introduction of competition on electricity markets increases efficiency and the
economic growth while lowering the cost of electricity to consumers. At least this
is the idea and the reason why deregulated electricity markets have become glob-
ally accepted during the past two decades. Although, privatization on electricity
markets was introduced already in the 1970s, it took until the 1990s before a larger
trend in deregulating was established. Chile was first out trying its best to bring
competition into the electricity market, but the model they emphasized had its
flaws and the market suffered from its poor structure. One key event that really
started deregulation worldwide came in 1990 when the UK Government decided
to privatize the UK Electricity Supply Industry [22]. Since then many electric
markets have gone from being vertically integrated to either centralized or bilat-
eral to achieve maximized social welfare. In this section we summarize what was
said about regulated and deregulated markets in [14] and [8]. First we discuss the
most classic regulated market structure, then we explain the two structures that
exist on deregulated markets.

2.1.1 The regulated market structures
On a vertically integrated market the company runs the whole chain of production
on its own. For an electricity market this means that in every geographic area the
company serves as a producer, a transmission owner, a retailer and as the system
operator. In this type of market, a consumer has no choice but to purchase energy
from its local electric company (see Figure 2.1). In other words, companies opera-
tive on a vertically integrated market are in a sense running their own monopoly.
However, in order to prevent companies from abusing their market positions, this
market structure is regulated and there are rules of what prices companies can
put and what obligations they have. Since every company is responsible of all
elements in their own system, investments in production, transmission and distri-
bution are more easily coordinated. Also the technical solution, in order to keep

7



8 The Electricity Market

Figure 2.1. Vertical integrated market. A consumer in a vertically integrated market
has no choice but to purchase energy from its local electric company.

a secure transmission of electricity in the system, are handled with less complica-
tions. However, the drawback with a regulated market is that it has no incentives
to operate efficiently.

2.1.2 Two Deregulated Market Structures
There are mainly two different kinds of deregulated market structures represented.
One is the centralized the other is the bilateral. An overview of these two structures
are shown in Figure 2.2 and Figure 2.3

Centralized Market

The main feature of a centralized market is that producers and consumers do not
deal directly with each other. Instead, supply and demand bids are submitted
to a centralized auction which is held by the market operator. With respect to
the restrictions on the transmission network, the bids are cleared and the market
price is determined by the most expensive unit sold. Then everything produced is
bought and sold to that price1.

Bilateral Market

Just like the centralized market the the bilateral has an exchange market. What
separates these two market structures is that the market participants on a bilateral
market are allowed to buy and sell freely to one another and no specific market
price exist. On a bilateral electricity market the market operator plays a much
more supervising role. Every transaction has to be reported to the market operator
so that they can check that all commitments are fulfilled. In this type of market
a business for retailers arise. The business concept is simply to buy electricity
directly from the producer or on the exchange market and then sell it to the
consumers. This middleman might seem superfluous, but the retailer’s work leads
to a gain in freedom of choice for the consumer which in turn improves the market
competition. And when the competition become stronger the service gets better.
Some retailer can even offer to undertake some of the price risk that producers
and consumers undergoes, this by offering stable electricity prices for a longer time
period.

1Depending on where a consumer is located in the network there is a tariff added to the
market clearing price.
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Figure 2.2. Centralized market, all participants are obligated to buy or sell energy on
the centralized exchange market

Figure 2.3. Bilateral market, all participants are free to act with one another.

2.2 The Market Participants
In this section we will briefly introduce the main entities participating in the
deregulated electricity markets, their various roles, responsibilities and objectives.
This is based on the market structure of the bilateral wholesale market in the U.S.
These understandings come from reading [8],[9].

FERC

Since energy is such a critical resource in modern society, governmental involve-
ment is unavoidable. Market rules and regulations are necessary in order to ac-
complish competition on the deregulated market. The Federal Energy Regulatory
Commission (FERC) is the governmental body that has the ultimate authority
regarding these matters. FERC determines and approves new market rules. The
main objective for FERC is that electricity is delivered in a economically efficient
and reliable way.

GENCO

The Generation companies (GENCOs) are the companies that produce and sell
energy. A GENCO owns a plant or a portfolio of plants that may have different
technologies, such as fuel types (coal, gas, nuclear, wind, hydro etc.). The main
objective for a GENCO is to maximize profit from selling energy.

Retailer

A retailer buys energy on the wholesale market and resells it to the customer. This
middleman exist when the bilateral market structure is applicable. Retailers, as
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mentioned in Section 2.1.2, provide the customers with a freedom of choice which
is good for competition. Still, the objective remains in maximizing profit from
differences in wholesale energy prices and retail prices.

ISO

The Independent System Operator (ISO) has a crucial role on the market and
operates under the authority of FERC. The ISO has a supervising, coordinat-
ing and synchronizing role towards the companies competing on the electricity
market. The ISO’s objectives are similar to the operational ones of a air-traffic
controller, coordinating the aviation market. They both ensure the market op-
erates efficiently and competitively while being independent and non-favorable to
any of the market’s participants. The ISO schedules generation with the objective
to maximize social welfare. To accomplish this the ISO needs powerful network
management tools and scheduling software, which are products that ABB special-
izes on. The ISO also forwards payments on the market and monitors entered
contractual agreements to ensure that commitments, such as energy deliverance,
are kept. Examples of ISO’s are the CAISO and NYISO, operating in California
and New York City respectively.

2.3 The Market Places
As we have noticed there are many different ways to participate on the electricity
market. Here we will introduce the most relevant “market places” where trading of
energy takes place, namely the day-ahead market and the real-time market. The
real-time market is often also called the spot market. We will here also in a deeper
sense explain about the work of the ISO. As we explained in Section 2.2 the ISO
is the entity that coordinates the various markets. The names of the markets we
are about to discuss tell of the entered contract’s time until maturity, at which
time deliverance is expected. Other more long term contractual agreements exist
outside these markets as well. Often this concerns power plants with long start up
times (ramp rates), such as nuclear power plants. Besides energy, other products
like transmission rights (the right to transport energy on a transmission line) are
traded.

The Day-Ahead Market

Every day around the year the ISO receives offers on energy from GENCOs to
be sold at the day-ahead market. The commitments made on this market will be
effective the next day to come. The amount of energy bought on the day-ahead
market is based on the expected demand after long term contracts of generation
have been accounted for. The demand may be defined by bids, or by load predic-
tions made by the customers in the network. The ISO also uses historical data
and does its own load forecast, to predict the demand for the next day. These
forecasts normally have a maximum estimation error of about 3% according to
field experts at ABB. Demand changes heavily during the day. Therefore prices
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will tend to be higher during the peak hours, because less efficient generators will
have to be dispatched in order to meet the load. Because of the complexity of
the transmission network and other contributing factors, it is not a simple task to
schedule an optimal assignation of generation. The ISO relies on having powerful
optimization tools, mathematical models of the network and its physical behavior
in order to solve such a problem. This will be addressed further in Chapter 4.

The Real-Time Market

The real-time market works in the same way as the day-ahead market. The differ-
ence is that contracts are valid in shorter time intervals. How often this market is
cleared varies among the different markets, but around 15 minutes ahead of time
is a reasonable estimate. Also load prediction is done during these shorter time
intervals, to estimate the needed generation to meet the next fifteen minutes of
demand. Since the commerce of the day-ahead market hopefully covers most of the
load in real-time, the amounts of energy traded here are normally smaller than on
the day-ahead market, as the remaining gap between generation and actual load
is allocated. In real-time the prices at which energy is traded may become higher,
caused by lack of available generation and unexpected elevations in load. Also,
trading of energy between private companies is done. The ISO monitors all such
transactions to maintain reliability in the network.

2.4 The Market Peculiarities

The electricity market has some important characteristics that are very different
from other markets. In this section we will discuss some of these “peculiarities”
that are of fundamental importance if interest lies in understanding other more
complex phenomena that the electricity market has to offer.

Energy as a Product

The electricity market’s main commodity and end product is of course energy in
electrical form. One big difference if compared with products on other markets
is that it cannot be stored. Even though inventions like the battery are used
for this exact purpose, the battery with a capacity big enough to function as a
warehouse for power plants is yet to be invented. Electrical power as a product,
has to be consumed at the same moment it is being produced, which is a very
unique condition for a product. This contributes to the importance of the ISO’s
consistent planning and scheduling, as well as participants honoring their entered
agreements and contracts. With this said, it is understandable that even though
the market has been deregulated, it is still in need of some firm regulations and
surveillance to guarantee stability and reliance.
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The Transmission Network

The means of transportation, available through the transmission network, are ex-
tremely limited in comparison to other markets. On normal markets there are
trucks on roads, trains on rails and airplanes in the air, all very expansive trans-
portation alternatives. A certain electricity market has one fixed network, a certain
set of geographical locations, called nodes or buses, where energy may be injected
or withdrawn. The buses are interconnected in a certain way, with transmission
lines that each have a certain fixed thermal limit. The thermal limit is the ca-
pacity limit to which extent power may flow over the line, without damaging it
or burning it off. Furthermore, expansion of the transmission network might be
of interest in some cases but it is very expensive and not always of interest to
the bigger market participants. The electric grid is a major contributor to certain
defects and uncompetitive behaviors that occur on the market. The role of the
electric grid will be dealt with further, and is a factor of ultimate interests in this
thesis.

Inelastic Demand

In our comfortable lifestyles, electricity is assumed to constantly be available to
us at our convenience. The moment we turn the light switch at home, we expect
there to be light. Also most companies of today are more or less dependent on
direct and reliable access to electrical power, every day, 24 hours a day. This
dependence causes the demand on electrical power to be inelastic, meaning that
demand does not respond well to higher prices on the market. In some theories
that will be addressed later in this thesis, the demand of electricity is assumed to
be totally inelastic, meaning that any price will be accepted by the costumer. On
markets with elastic demand we simply stop consuming when prices on certain
merchandize are too high. We are not willing to give up electricity to this same
extent.

2.5 Energy Pricing
Basically, there are three different ways of pricing energy. The different pricing
methods are uniform marginal pricing (UMP), zonal marginal pricing (ZMP) and
location marginal pricing (LMP). Practicing UMP, one price is set for a whole
region. In this pricing method transmission system realities such as line limits,
line losses and physics of power flow are totally ignored. By simply stacking
offers and bids to form the supply and the demand curve for a specific region,
the uniform price of electricity for that region is obtained in the intersection of
these curves. The ZMP model is somewhat similar to the UMP model in the
sense of applying a uniform price for a graphical region in the network. Although
the physical laws and line-flow limits are ignored in every zone, the ZMP model
does respect transmission limits on paths between the zones. Location marginal
pricing, LMP, is a third way of pricing energy. The main idea with LMP is
that it calculates an optimal dispatch with respect to the physical laws of power
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flows for the entire network. In this pricing method a price is set for each node
in the transmission system. The method is usually considered to be the most
economically efficient. However, critics find the large number of prices confusing
for market participants.[10]
In the early stages of many electricity spot markets the pricing method used was
UMP. During the recent years, however, several of these markets have moved in
the direction towards LMP. Some have come half way there by adopting the ZMP,
others have gone all the way. Even though there are many markets still practicing
the UMP and ZMP design, our studies mainly deal with LMP markets. Therefore,
in this section, we summarize what was given in [19] and [22] in an attempt to
explain what location marginal pricing design is and how prices are calculated
using this method.

2.5.1 Location Marginal Pricing
The basics of LMP, or nodal pricing as often referred, is that prices of electricity
are calculated for a number of locations on the transmission grid called nodes.
The calculated price in a node is a shadow price, where it is assumed that one
additional megawatt-hour is demanded at the node in question. A price at a node
includes the cost of the energy and the cost of delivering it. In general, the cost
of energy depends on the fuel used to produce it. More specifically it depends on
the offer given by the producer, which should correspond to the marginal cost of
production.2 When energy is delivered in the transmission system some of it gets
lost due to physical characteristics. This amount of lost energy must be generated
in addition to the energy that serves to cover the demanded load. One other issue
when dealing with deliverance of energy is transmission congestion. Congestion
in the network prevents lower cost generation from meeting the load and thereby
forces higher cost generation to be dispatched in its place. The associated costs
due to losses and transmission congestions are allocated to each node in a manner
that recognizes their individual contribution to these extra costs.

2.5.2 Calculation of Nodal Prices
To sum up, nodal prices consist of three components: marginal cost of production,
marginal cost of losses and marginal cost of transmission congestion. Consumers
and producers submit there bids and offers to the market operator, who basically
solves an optimization problem that results in a minimal-cost assignation of the
offered generation quantity. From there, the nodal prices are determined while at
the same time security constraints are respected. The dispatch calculation must
leave sufficient margin to maintain system stability in the event of an unplanned
outage anywhere on the system. In most cases the algorithm is applied to an
approximation of the true power flow model for the system. In this approximation
reactive power is excluded. Losses are also neglected in the approximation even
though some systems take marginal losses into account.

2In economics, marginal cost of production is the cost of producing one more unit of supply.
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Different Auction Types Set Different Prices

In a standard auction, there may be a gap between the last accepted offer price and
the last accepted bid price. Any price within that gap is acceptable to all parties.
Therefore, different auctions use different conventions for setting the price. In [26]
a short description of different auctions are given. The most recurrent auction
type mentioned during our studies in this field has been the last accepted offer
(LAO), therefore we choose to emphasize it in our work. Basically, this type of
uniform price auction sets the price in a node equal to the last accepted offer for
that node.3 LAO gives the seller an incentive to offer at a low price in order to
get dispatched. Since a uniform price is set equal to the last accepted offer, the
supplier selling at low price will often receive a higher price than the one offered.

Example: Nodal Price Calculation for a System with Congestion

In order to get a better understanding of how nodal prices actually can be calcu-
lated, we now show an example for a smaller network. In the example the process
of calculating the LMPs starts by determining the least cost dispatch to serve the
load. Then we look into the issue of power flow security and ensure that the limits
are respected. Finally, the prices are calculated by determining the dispatch for
one additional MW at each node. This is done while still respecting all limits. In
the example it is assumed that all transmission lines have equal impedance. Since
power flow divides inversely to impedance, this assumption will make it easier to
calculate the power flow from one node to another. Also, there are no consumer
bids submitted (i.e, demand is inelastic) only generator offers are given. Figure 2.4
shows the network in question. As we can see, the network holds two generators
and one load. Every generator has a capacity that by itself can cover all the load in
the system. Generator at A give the lowest offer, according to the first step in the
process of nodal price calculation, that generator will be dispatched to cover the
load in this network. However, the transmission limit on branch A-C is reached.
While calculating the LMPs in this case, we will see how congestion affects the
prices. The example is given in [19], we follow the author in his computations.

3In a uniform price auction every winning buyer/seller pays/recieves the same price. This
price may or may not be equal to the participant’s bid/offer [20]
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Figure 2.4. Generator in node A is dispatched for 100 MW to cover the load in the
system. The impedance on path A-D-B-C is three times the impedance on A-C. There-
fore,75 MW flows on the path A-C where the transmission limit is set to 75.2 MW and
25 MW flows through the path A-D-B-C. This corresponds to the least cost dispatch to
serve the load.

In Figure 2.5, 1 MW of load is added to node C. We see that neither of the
generators A and B can provide C with one extra MW alone, since this would
lead to a violation of the transmission constraint. Instead, generator A reduces its
output by 0.1 MW and generator B increases its with 1.1 MW, the net effect on
line A-C is a flow increase of 0.2 MW. This solution is feasible and optimal. By
calculating the price of serving the additional MW we finally obtain the nodal price
for that node to be $35.5/MW, (1.1∗$35 - 0.1∗$30). In the same manner, the nodal
price in node B is calculated by adding one MW to that node and calculate the
cost of providing it. In Figure 2.6 we see that the transmission constraint impacts
on the nodal price in B as well. Here the optimal, allowable way of providing the
extra MW is by an increase of 0.4 MW in generator A’s output and an increase of
0.6 MW in generator B’s output. This results in a nodal price of $33/MW in B.
While calculating the nodal price in A, we see that an additional MW in that node
can be provided by the generator in A itself, see Figure 2.7. This would result in a
zero net flow change and therefore no transmission constraint would be violated.
Since generator A is the cheaper among the two generators in the network, this
would be the optimal way of supplying the demanded MW in that node. Thus,
we obtain the nodal price in A to be $30/MW.
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Figure 2.5. The transmission limit forces generator A to reduce its output by 0.1 MW
and generator B to generate 1.1 MW in order to serve the added MW in C. The nodal
price is set to $35.5/MW

.

Figure 2.6. To serve one additional MW in node B, generator A has to raise its output
by 0.4 MW while at the same time generator B will have to produce 0.6 MW. The nodal
price is therefore set to $33/MW in B
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Figure 2.7. The least cost of supplying node A with one more MW is $30/MW. This
MW is produced by generator A and has no effect on the net flow change.

As we can see from the above example, the price of energy is different in each
node. If the network was assumed to be lossless and no congestion was present,
prices in the network would have been the same in all locations. In that case,
generator A would have been able to, by itself, supply that extra MW in each and
every node for a cost of $30/MW. However, in this case congestion is present and
the only node that is not affected by it is node A. If the network had losses but no
congestion, prices would again differ among the nodes. However, node A would
still not be affected by the network properties. The reason why is that this node
holds a marginal generator4.In a node where a marginal generator is present, the
nodal price coincides with the offered price from that generator. In fact there is a
rule of thumb for prices in nodes holding generators:

• If a generator is partially dispatched: nodal price = offer price

• If a generator is fully dispatched: nodal price > offer price

• If a generator is not dispatched: nodal price < offer price

4A marginal generator is dispatched somewhere between its maximum and minimum level of
capacity





Chapter 3

Market Monitoring

The deregulated electricity market share many features with any other restruc-
tured wholesale market. However, as discussed in Section 2.4, there are several
points where the market of electricity is different. One good example is that buyers
on electricity markets do not purchase energy of a specific supplier, neither do the
supplier sell energy to a specific consumer. Instead, market participants in this
type of market directly impact on other’s ability to sell and consume in a much
larger extent than on other markets. Because of the peculiarities in the electricity
markets, it is reasonable to believe that this market is more susceptible of market
failure than any other market.
In this section, we will first give an historical event that shows how bad it can
go for a market in lack of a prospective market monitoring process. Thereafter,
we will give a short explanation of what market monitoring looks like in today’s
markets. Finally, we will go deeper in explaining one of the issues that the market
monitoring process deals with. [11]

3.1 Historical Example
The California Crisis

According to [24], in the summer of 1998 the Market Surveillance Committee
(MSC) of California ISO identified major market design flaws. These flaws were
presented to FERC and California Public Utilities Commission but nobody took
any action on them. Two years later the producer’s exercise of unilateral market
power began to result in significant wealth transfer, but still FERC took no actions.
Although warnings were repeated in subsequent MSC reports and a number of
remedies were suggested, it took until January 1, 2001, before FERC took action
in limiting the circumstance. And when they finally did they failed. Instead of
limiting the case, these “remedies” rather enhanced suppliers to exploit market
power. What happened next is what people refer to as the “California crisis”.
After the implementation date, average spot prices rose to over $300/MWh and
the first period of rolling blackouts immediately followed.

19
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This is a perfect example that explains the necessity of a prospective market
monitoring process.

3.2 What is Market Monitoring?
In [11] and [9], the authors describe market monitoring as an organization that
foremost takes care of two main tasks. One is the identification of flaws in the mar-
ket that can create distorted market outcomes, inefficient conduct and strategic
behavior. The other task is analyzing market power problems. The organizational
structure involves the Federal Energy Regulatory Commission (FERC), the In-
dependent System Operators (ISOs) or the Regional Transmission Organizations
(RTOs).

The Market Monitoring Unit

The ISO or the RTO assign a board, and FERC command this ISO/RTO board
to set up a market monitoring unit (MMU). This unit is the one entity that ac-
tually conducts the issues related with market monitoring. Summarily, the MMU
duties consist of performing analysis to ensure that anti-competitive behavior does
not affect the efficiency of the wholesale markets. They also accomplish detailed
analysis to guarantee that the market is reliable in sense of supply, competitive-
ness and economic efficiency. When inefficiency or anti-competitive behavior are
identified, the MMU is usually authorized to call for or to take immediate action
toward improving the market rules. In addition, the MMU can be in charge of
monitoring the market design with the responsibility to uncover any design flaws
that may interfere with a competitive and efficient market. If flaws are present it
may be necessary for the MMU to work with market participants, the FERC and
other jurisdictional units to correct the imperfections. The MMU is independent
of the market participants and the market operator, and it has dual accountability
namely to FERC and the ISO/RTO Board.

Other Involved Units

Beside the MMU there are also Independent Market Monitors (IMM). IMM acts
as an advisor to the board, FERC and sometimes also to the MMU. IMM can also
advise the market design team on market design details which promote healthy
competition. IMM can be a person, a committee or a private organization. Sim-
ilar to the MMU is that IMM is independent from market participants and the
ISO/RTO staff. Ultimately, there is staff concerned with the retail rates that they
regulate. This staff belongs to the State Public Utilities Commissions (PUCs),
and generally do not have the resources to perform market monitoring on their
own. Instead they make use of market monitoring reports and base their decisions
on them.
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3.3 Market Power

As mentioned in the above section, one of the two main objectives in the market
monitoring process is the analysis of market power issues. This issue is what our
research is primarily based on. Therefore, in this section we discuss this topic
further.
The aim of deregulating markets is to bring competition into them and thereby
make them more economically efficient. The standard economic definition is that
a market with perfect competition, a perfect market, is a market of complete
efficiency. On such a market, no consumer or producer has the ability to impact
on prices, by itself or by collusion with any other participant. In other words
market power is not an issue on a market under perfect competitive conditions.
However, the electricity wholesale market is not a perfect market and the potential
for market power exploitation is an issue.

3.3.1 Market Power in Deregulated Electricity Markets

In general, market power is referred to as the ability of a market participant to
profitably maintain prices above a competitive level for a significant period of time.
When defining market power in this way we need to be careful in the attempt of
measuring its deployment. On electricity markets, just because a supplier gets
paid a price that is well over the competitive level it does not mean that this
market participant is exercising any market power. When the demand exceeds
the supply in an area prices can sometimes rise above any marginal cost of pro-
duction even though no producer actually exploits market power. If transmission
constraints makes it impossible to bring in more power from other regions, buyers
who are willing to pay prices that exceed the highest competitive will offer to do
so. This leads to a price rise that will keep on going until the supply meets the
demand. Therefore, by simply looking at market prices no assumption can be
made whether market power is actually being abused or not. A conclusion can
only be made whether a company has the potential of market power exploitation
or not.
According to [12] economists talk about two kinds of market power, horizontal and
vertical. A company with control over a single activity, such as electricity genera-
tion, is said to exercise horizontal market power if it manage to profitably drive up
prices above competitive level. A company involved in two related activities, such
as electricity generation and transmission, exploit vertical market power when it
uses its dominance to raise prices and increase profits for the overall portfolio. On
the deregulated electricity market, issues related to vertical market power are mit-
igated by requiring independent operations of the transmission system. However,
horizontal market power is still a big issue. Therefore, when discussing market
power on deregulated electricity markets it is horizontal market power that is con-
cerned.
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3.3.2 Reasons for Market Power Appearance
Basically, there are two main reasons why the potential of market power is brought
to the electricity market. First there is market dominance and then there is trans-
mission constraints [1]. Market power due to market dominance is a scenario that
applies for every imperfect market and not only for the electricity market. On the
electricity market, a supplier that is large enough to affect price can exploit market
power by either economical withholding or physical withholding. When dealing
with economical withholding a seller keeps bidding above the marginal cost of pro-
duction and thereby driving up the price. Physical withholding simply means that
a seller withholds some of its available capacity. This reduces the effective supply
which in turn drives up the price of the rest of the seller’s portfolio. If market
power is exploited this way, profit gained due to the higher priced portfolio will
exceed the loss obtained from the withheld capacity.

Market power due to transmission constraints makes it necessary to get a full
understanding of the topology of the transmission system before starting any plan
of detecting the potential for market power. This characteristic of the electricity
market increases the opportunities to exploit market power compared with other
industries. A scenario of this kind is easiest explained by the load pocket. A load
pocket is an area where transmission constraints make it impossible to transfer
electricity from elsewhere than from the local supplier. If a supplier is placed
within a so called load pocket, this participant will have a local market power. A
supplier in this case can find himself in a position of monopoly by intentionally
create congestion and limit access of competitors. This means that, by getting
dispatched at strategic points in the network, a supplier in a load pocket can gain
profit even by increasing its generation rather than withholding it. Conclusively,
transmission constraints in the electricity market make it possible even for a small
supplier to exploit market power.



Chapter 4

The Mathematics of Power
Transmission

In order to successfully operate electrical systems there are some requirements
that have to be satisfied. First of all, Kirchhoff’s laws must be obeyed. The
balance between supply and demand has to be maintained at all time and power
flows through transmission lines have to be within the transfer capacities of the
transmission lines. Trough power flow studies we obtain information about the
magnitude and the phase angle of the voltage at each bus, and the real and reactive
power flowing through each line. Therefore, power flow studies constitute the basis
to determining the best operation of power flow systems.
In this chapter, we begin by discussing the AC power flow model. Then we talk
about the decoupled power flow model, which is an approximation of the AC power
flow model. With further simplification of the approximative power flow we finally
explain the DC power flow model, which stands for Decoupled power flow model
and is not to be confused with the more widely known Direct Current.
In addition to a power flow study itself, many software implementations perform
other types of analysis. A very important is the study of optimal power flow, OPF.
While the original power flow problem only considers the physical laws that have
to be obeyed, the OPF takes this into account while at the same time considers
the minimal cost of generation. In Section 4.3 we define this further. Section 4.1
and 4.2 are based primarily on the theory explained by the authors in [13] and [2].
Section 4.3 is a summary of the presentation given in [25].

4.1 AC Power Flow Model
In AC power flows, each bus is associated with four variables:

• bus voltage magnitude (|E|)

• voltage angle (θ)

• real power (P)

23
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• reactive power (Q)

At every bus in the system, Kirchhoff’s current law must be obeyed. This law
states that the injected current Ii must equal the sum of the currents leaving node
i. Denoting the voltages at nodes i and k as Ei and Ek respectively, and the
admittance of the branch between them as yik, the current injected in a node can
be written as,

Ii =
n∑
k=0

Iik =
n∑
k=0

yik(Ei − Ek) (4.1)

where Iik is the current flowing from node i to k on the branch that connects these
two busses. By definition E0 = 0. Therefore the Equation 4.1 can be written as,

Ii =
n∑

k=0,k 6=i
yikEi −

n∑
k=1,k 6=i

yikEk (4.2)

using Equation 4.2, a complete set of equations defining the power system network
can be stated as,

Ii =
n∑
k=1

YikEk, for i=1,....,n (4.3)

where

Yii =
∑n
k=0,k 6=i yik, self admittance of node i

Yik = −yik,mutual admittance between nodes i and k

Another physical law considered in the power flow model is expressed by the
following bus constraints:

EiI
∗
i = Pi + jQi (4.4)

These equations together with the equations given by 4.3 constitute the general
power flow problem, where the variables are the complex nodal voltages, Ei, and
currents, Ii.

4.1.1 Newton-Raphson Power Flow
There are several methods of solving power flow problems. However, the one most
recurrent algorithm used when dealing with the AC power flow representation
is the well known Newton-Raphson method. Therefore, the full AC power flow
model is sometimes referred to as Newton-Raphson power flow or just Newton
power flow.1In order to solve power flows using the Newton-Raphson algorithm,
the equations defining the power flow problem have to be rearranged. We need to
define the problem as a set of equations of the form f(x)=0, where f(x) is a vector
of functions f1 . . . fn. We also have to keep in mind that the Newton-Raphson
algorithm can only handle real equations and variables. Therefore, complex equa-
tions must be split into their real and imaginary parts. One way of deriving the

1The Newton-Raphson method is the multi variable case of Newton’s method
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desired power flow equations that define the problem in question follows here. We
choose not to show all details in the derivation, merely the result of every step is
presented. By substituting Ii in Equation 4.4 with the right hand side of Equation
4.3 we can start by formulating the following relation:

Pi + jQi = Ei

N∑
k=1

Y ∗ikE
∗
k (4.5)

We rewrite 4.5 using polar coordinates,

Pi+jQ = |Ei|
n∑
k=1
|Ek|[(Gik cos(θik) +Bik sin(θik)) + j(Gik sin(θik)−Bik cos(θik))]

(4.6)
where θik = θi − θk, Gik is the real part of Y ∗ik and Bik is the imaginary part of
Y ∗ik. We split Equation 4.6 into its real and imaginary parts and get,

∆Pi = Pi − |Ei|
n∑
k=1
|Ek|(Gik cos(θik) +Bik sin(θik)) = 0 (4.7)

∆Qi = Qi − |Ei|
n∑
k=1
|Ek|(Gik sin(θik)−Bik cos(θik)) = 0 (4.8)

where ∆Pi and ∆Qi are the real and reactive power mismatches at bus i. These
represent the difference between the calculated and the scheduled input of real
power P and reactive power Q respectively.
Each bus is measurable for both real and reactive power levels. Therefore each bus
is also assigned two equations each, on the form of 4.7 and 4.8. These expressions
are called load flow equations. Together with Equation 4.6 they define the power
flow problem. The variables in this case are the bus voltage magnitudes, |Ei|, and
the voltage angle, θ. By defining the AC power flow in this way, we are now able to
solve the problem using the Newton-Raphson’s method. If further understanding
of the Newton-Raphson method is of interest, we refer to Appendix B where an
overview is given.
The Newton-Rahpson power flow method is the most robust power flow algorithm
considered. However, it is not the most time effective algorithm to use. In each
iteration of the process, every element in the Jacobian matrix must be recalcu-
lated. Then, the entire set of linear equations must also be resolved. Since the
number of equations can be in the order of thousands, this method can become
very time consuming. Therefore, approximations of this power flow model have
been developed.

4.2 Decoupled Power Flow Model
According to [13], power system engineers found out that real power, P , was
insignificantly influenced by changes in voltage magnitude, |E|. Also, a similar
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observation was made on the insensitivity of reactive power, Q, to changes in phase
angle, θ. Therefore, an approximation of the Newton-Raphson power flow model,
called the decoupled power flow model, was suggested. In this approximation,
the interaction between Pi and |Ek| is totally neglected. Referring back to the
mentioned Jacobian in the Newton-Raphson method, this means that the terms
∂Pi
∂|Ek| are all considered to be zero.2 Which in turn leaves the sub matrix B in
B.4 empty. Also, the interaction between Qi and θk is fully neglected by letting
all derivatives ∂Qi

∂θk
in the Jacobian be zero, leaving C empty as well. For the

nonzero terms in the Jacobian, namely the derivatives ∂Qi
∂|Ek| and

∂Pi
∂θk

, the following
simplifications are made:

• cos(θik) ∼= 1

• Gik sin(θik)� Bik

• Qi � Bii|Ei|2

According to power system engineers, these assumptions are justifiable for high
voltage power systems and therefore deemed as reasonable. Now, using these
simplifications to form the power flow adjustment equations we obtain:

∆Pi = −|Ei|
n∑
k=1
|Ek|Bik∆θk (4.9)

∆Qi = −|Ei|
n∑
k=1
|Ek|Bik

∆|Ek|
|Ek|

(4.10)

As in the case for the Newton-Raphson power flow model, we again have two equa-
tions at each bus. One for the real power and one for the reactive power. At this
point, both equations share the same Bik terms. However, further simplifications
that result in different Bik for the two equations can be made. Also, if Equation
4.9 and 4.10 is divided by |Ei|, followed by the assumption that |Ek| ∼= 1, we reach
the final decoupled load flow equations:

∆Pi
|Ei|

= −B′ik∆θk (4.11)

∆Qi
|Ei|

= −B′′ik∆Ek (4.12)

where we have that,

B′ik = − 1
xik
, (i 6= k) , assuming a branch from i to k (zero otherwise)

2The general practice in solving power flows by Newton-Raphson’s method has been to use
∆|Ek|
|Ek|

rather than just ∆|Ek|. This simplifies the equations, and does not numerically affect the
algorithm.
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B′ii =
∑n
k=1,k 6=i

1
xik

B′′ik = −Bik = − xik
r2
ik

+x2
ik

B′′ii =
∑n
k=1−Bik

The Decoupled Method in Comparison with the Newton Raphson Method

In the decoupled power flow method, the two system matrices, B′ and B′′, are both
constant. Therefore, they only need to be calculated once in the beginning of the
power flow study. This is an advantage over the Newton-Raphson method, where
the Jacobian requires re-factorization at each iteration. Also, since the number
of elements in B′ and B′′ are about 25% compared to the number of elements
in the Jacobian, there is much less arithmetic to be made when using the decou-
pled method. Although the decoupled method requires more iterations than the
Newton-Raphson method, according to [2], a Newton-Raphson iteration typically
takes five times as long as a decoupled iteration. However, the decoupled power
flow algorithm may fail to converge when some of the underlying assumptions
do not hold. Because the Newton-Raphson technique does not rely on such as-
sumptions, this method will still often converge when the decoupled method does
not.

4.2.1 DC Power Flow
When approximative power flow solutions are accepted, even further simplifica-
tions of the decoupled power flow can be made. In [13], this is carried out by
simply dropping Equation 4.12 in the problem definition given above, and by the
assumption that |Ei| ∼= 1 per unit. Then Equation 4.11 becomes:

∆Pi = −B′ik∆θk (4.13)

As we can see, the simplifications result in a totally linear power flow problem.
And the power flow model is called DC power flow, which as previously mentioned
should not be confused with direct current. In the DC model, electric power trans-
mission losses are ignored and the power system becomes a lossless network. The
DC power flow is only good for calculating real power flows on transmission lines
and transformers. It gives no indication of what happens to voltage magnitudes.
However, as stated in [16], the DC power flow model is used in the market-clearing
mechanism for most electricity markets around the world. The reason for this is
time efficiency, and also the fact that only real power is traded on electricity mar-
kets.

4.3 Optimal Power Flow
In general, when dealing with a so called economic dispatch, one solves an opti-
mization problem that considers the economic efficiency of power system operation.
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However, system security is not considered. Therefore, when enforcing distribu-
tion given the result of an economic dispatch problem, security constraints may
possibly be violated, and the dispatch will lead to insecure operation. To make up
for this inconvenience, the security constrained economic dispatch compensate the
original economic dispatch with real power flow equations that reflect the system
network structure. However, reactive powers are neglected and bus voltages are
held fixed. When the effect of real and reactive power is considered together, the
economic dispatch devolves into what is called an optimal power flow(OPF).
In this section, we start from the mathematical representation of the classic eco-
nomical dispatch problem to show how this problem evolves into an OPF that
accounts for the full AC power flow model. Later, we discuss how today’s com-
mercial OPFs are constructed.

4.3.1 The Economical Dispatch
The economical dispatch (ED) can be formulated as an optimization problem in
following way,

minimize f =
∑n
i=1 ci(PGi) (4.14)

s.t
∑n
i=1 PGi = Ploss + PD (4.15)
PminGi ≤ PGi ≤ PmaxGi i = 1, . . . , n (4.16)

where the objective is to minimize the cost of generation. The equality constraint
stated for this problem is the power balance equation. This tells us that the total
generated power must equal the total loss in the network plus the total demand.
The inequality constraints, are those who explain every power generating unit’s
minimum and maximum generation capacity. As we can see, this optimization
problem does not consider the effect of reactive power Q. Also, the network
structure and the system security are totally ignored.

4.3.2 The Security Constraint Economical Dispatch
Adding some security constraints and reflecting over the network structure in the
economical dispatch problem formulation, the resulting dispatch becomes much
more reliable. In this case, the ED is called Security Constraint Economical Dis-
patch (SCED), and its mathematical representation is the following:

minimize f =
∑n
i=1 ci(PGi) (4.17)

s.t ∆P (PG, θ) = 0 (4.18)
|Pij | ≤ Pmaxij i, j ∈ L (4.19)

PminGi ≤ PGi ≤ PmaxGi i = 1, . . . , n (4.20)

where L is the branch set of this network, and Pmaxij represents the capacity limit
of the branch between bus i and j.
In this optimization problem we still want to minimize the cost of production.
However, we now have a different set of constraints compared to those given in ED.



4.3 Optimal Power Flow 29

The equality constraint in 4.15, stated for the classic ED, is here substituted for a
set of active power flow equations. These power flow equations are the same set of
equations called load flow equations in Section 4.1 and 4.2. Load flow equations
exist both for real powers, P , and reactive powers, Q. However, in SCED reactive
powers are neglected and we are only left with real power constraints. Although,
power flow losses are neglected in this representation, there are cases when losses
are encountered for the SCED.
The SCED contains the mathematical representation that is most commonly used
in algorithms that clear the market. According to field experts at ABB, these
algorithms usually accounts for the DC model rather than the AC model. Doing
so, one is left with an all linear optimization problem, which of course is much
easier and less time consuming to solve than a nonlinear problem.

4.3.3 The Optimal Power Flow

The most accurate calculation is the optimal power flow that accounts for effects
of both real and reactive powers. This model encounters the full power flow model,
i.e. the AC model, and the mathematical representation of it is defined by the
following nonlinear optimization problem:

minimize f =
∑n
i=1 ci(PGi) (4.21)

s.t ∆P (|E|, θ) = 0 (4.22)
∆Q(|E|, θ) = 0 (4.23)
|Sij | ≤ Smaxij ij ∈ L (4.24)

PminGi ≤ PGi ≤ PmaxGi i = 1, . . . , n (4.25)
QminGi ≤ QGi ≤ QmaxGi (4.26)
|E|mini ≤ |E|i ≤ |E|maxi (4.27)

where Sij is the apparent power flow over the line between node i and j. As we
can see, the SCED is a special form of the OPF. Conveniently, we choose to call
the SCED, represented with the “DC” model, the DC-OPF. Then we call the true
OPF, AC-OPF. This problem is much more complex than the ones previously
described. The equality constraints in 4.22 and 4.23, for the AC-OPF are twice as
many as for the DC-OPF. Furthermore, these constraints are no longer linear since
they now represent the load flow equations stated for the AC power flow model.
Also, we are now dealing with real power as well as reactive power. The number
of ingoing variables make this problem a rather vast and challenging to solve.
Before a solution is reached, it is unknown which inequality constraints that will
become equality constraints. Therefore, much of the work done solving an OPF
is to identify these constraints. There are many different techniques on how to
solve OPFs. The Newton’s method is one, the single variable case of the earlier
mentioned Newton-Raphson method. However, we have chosen not to describe
how these techniques are applied. Instead, next section will briefly try to explain
how commercial OPF packages are constructed.
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4.3.4 Commercial Optimal Power Flow
The commercial OPF packages sold today, that are used for real-time scheduling,
are constructed in a way similar as in Figure 4.1. According to field experts at

Figure 4.1. The flowchart of a commercial OPF package

ABB, optimal power flow problems using the AC power flow model are not cus-
tomary in commercial OPF packages. The AC power flow model is used when
generating a full power flow solution, to guarantee that constraints are not vio-
lated, however there is no economical optimization incorporated in this part. The
economical dispatch problem is solved using the DC power flow model described
above. The reason for this is that a full AC optimal power flow run is too slow.
For a large network an AC-OPF may take 15-20 minutes for a single run, while
an AC-PF delivers a solution in a fraction of a second.

4.4 Discussion about Losses
For a given amount of power to be transferred over a transmission line, the amount
of current decreases as the voltage increases. Transmission losses are proportional
to the square of current multiplied with the lines resistance. This means that longer
distributions of energy is more efficient with higher voltage. These relations are
shown in Equation 4.28.
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Ploss ∝ RI2, P = EI ⇔ I2 = (P
E

)2 ⇒ Ploss ∝
RP 2

E2 (4.28)

Ploss is the loss, P is power, R is Resistance, I is Current and E is Voltage over
the line. Equation 4.28 shows that losses are inversely proportional to the square
of the voltage.
A loss comparison for different voltages was made in [19] for 100 km long trans-
mission lines. This is shown in Example 4.1

Example 4.1

Pinjected Current V oltage Ploss Ploss/Pinjected

90MW 180A 500kV 0.1MW 0.11%
90MW 390A 230kV 1.5MW 1.67%
90MW 780A 115kV 10.5MW 11.67%

This example shows us how impact of losses can be avoided by high voltage trans-
mission. Field experts at ABB mean that losses in the transmission system gen-
erally can be estimated to be up to 3-5% of the power injected. This may vary of
course.





Chapter 5

Market Power Analysis

In this chapter we will introduce various measurements, indexes and tools designed
for detecting, locating and measuring presence and amounts of market power in
the electricity market. It seems to be a popular area of research, especially the last
couple of years, since the flaws of the deregulated electricity market have become
more obvious. During our research we have encountered many different propos-
als. This chapter introduces the various approaches in an order with increasing
complexity. Special effort is put into the Sections 5.4-5.7, in which an interesting
sensitivity approach is introduced and its proposed applications explained. The di-
rection of this thesis after this chapter is pretty much based on the understandings
from these certain sections.

5.1 Important Factors
There are many factors to be considered when analyzing market power and the
competitiveness of the electricity market. In [1], eight of them are mentioned as
especially important.

• Market share. The amount of generation owned by a single company with
respect to the total demand on the market.

• Market concentration. Dispersion of market shares among the companies
on the market.

• Elasticity of demand. A measure of how well demand responds to changes
in price. Typically electricity markets have very inelastic demand due to the
importance of electricity in the modern society.

• The amount and distribution of excess capacity. The location and
amount of available generation capacity.

• Contractual agreements. Commitments regarding deliverance of energy
are bound through contractual agreements, valid over various periods of time.

33
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• The process for establishing prices. Various countries, states and mar-
kets have different proceedings in calculation of prices for energy.

• The threshold of entry into the market. A lot of resources are needed
to enter the electricity market.

• Transmission system. Congestions in the transmission network may split
a market into regions unable to compete properly with each other. This may
cause lack of cheap energy in some areas and surplus in others.

5.2 Indexes
Many different indexes have been proposed as measures of the electricity market’s
competitiveness. The HHI-index is a widely used standard measure of market
concentration. Other indexes mentioned in this section are so called retrospective
monitoring identifiers, metrics weighted by existing proportions and relations be-
tween various factors, i.e., locational prices and grades of congestion, of interest.
We will discuss the following indexes:

HHI - Herfindahl Hirschman Index
LI - Lerner Index

PCMI - Price Cost Margin Index
WAPI - Weighted Average Price Index

5.2.1 Herfindahl Hirschman Index
Herfindahl Hirschman Index (HHI) is a measure of market concentration. It is
a function of the number of companies in a market and their respective market
shares. The calculation is done by summing the squares of all individual companies
market share percentages. This is shown in Equation 5.1.

HHI =
∑
i

(Companyi market share in %)2 (5.1)

The following spectrum has been introduced by the US Department Of Justice,
[17]. It is used as a framework for merger analysis on normal markets.

HHI < 1000→ Market is not concentrated

1000 < HHI < 1800→ Market is moderately concentrated

HHI > 1800→ Market is highly concentrated

To see how it is calculated we take a look at two different markets in Example
5.1. First we calculate the HHI for a market consisting of 5 companies with equal
market shares. Second, for a market consisting of 5 companies, where one
dominant participant has a 40% market share and the other four have 15% each.
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Example 5.1
HHI = 5 ∗ (20)2 = 2000

HHI = (40)2 + 4 ∗ (15)2 = 2500

According to [21] some consider the market situation in Example 5.1 with a HHI
of around 2000 to be a “workably competitive” market. According to [1] empirical
studies have shown that entries of up to a third competing supplier into a market
brings large price reductions to this market. The fourth and fifth additional entry
brings with it significantly smaller or even no price reductions at all.

Discussion about HHI

HHI measures market concentration, which is very different from market power.
Market power is a dynamic phenomenon while HHI is a static metric. The list
of shortcomings for using the HHI as a metric of market power could be made
very long. Instead we settle by mentioning that due to the characteristics of the
electricity market, e.g., the limitations of the transmission network and inelastic-
ity of demand, certain areas may be susceptible to uncompetitive prices caused
by companies with relative small market shares. This will not be detected by
calculation of the HHI-index, since it is purely based on the different sizes of the
companies. But the definitions of market power and market concentration are
likely to coincide more and more with decreasing amounts of congestion and de-
mand in the network. Therefore HHI has been mentioned in [1] as a reasonable
first level screening method, before deeper more sophisticated analysis is made.

5.2.2 Lerner Index (LI)
The Lerner index is named after the economist Abba Lerner. It describes a
monopoly’s amount of market power. The mathematical formula is:

LI = (Price−MarginalCost)
Price .

LI ranges from 0 to 1, where 0 indicates no market power and values closer to
1 suggest greater market power. The Department of Justice considers a quota
Price/Marginal Cost < 1.05 to be competitive for the electricity market. But
since the true marginal costs for suppliers of energy in the deregulated market is
non-public information, it is hard if not impossible to accurately calculate these
types of indexes.
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5.2.3 PCMI and WAPI
PCMI and WAPI are altered versions of the Lerner index, more applicable for
measurements on the electricity market. The formula for PCMI is:

PCMI = 100 ∗ (Price−Pricec)
Pricec

.

Here Price is the actual price and Pricec is the competitive price. For PCMI
the marginal cost used in the Lerner Index is simply substituted by a calculated
competitive price. Notice also that the denominator has been substituted, now
holding this price too. According to [23] this enables comparison across various
scenarios that may have caused different prices. To determine the perfectly com-
petitive price one can for instance consider the prices valid during periods of time
with low demand or when no congestions are active in the network. The price
determined as competitive is used regardless of its deviation from the suppliers
true marginal costs. The formula for WAPI is:

WAPI = 100 ∗ (Pricew−Priceu)
Priceu

.

Here Pricew is a weighted price and Priceu is the unconstrained price. The
weighted price is a calculated weighted average of the prices in a subsystem of
interest, part of the whole network. The unconstrained price is the price valid
when no congestions occur in the network. The calculated values using WAPI and
PCMI range from 0 to infinity, if no price caps are enforced on the market.

Discussion about Lerner Type Indexes

The Lerner index is as mentioned not very appropriate for use on the electric-
ity market because it might not even be determinable. PCMI and WAPI are
more practical and are easily calculated. This seems to be the most compelling
part about these indexes. Their simplicity may enable market participants, sys-
tem operators and regulators in having more efficient discussions regarding price
anomalies in the network. But these indexes are not prospective in measuring
market power. Prices have to go up before anything is indicated or signaled. One
can get very creative when creating an index like this, using formulas of averages,
weights and different combinations of indicators. But this also means that de-
pending on the active operating conditions of the network system and situations
of the market, a certain index might be more applicable than the other during
some period in time, but not consistently.



5.3 Constraint Competitiveness Test 37

5.3 Constraint Competitiveness Test
The Constraint Competitiveness Test (CCT) is currently being implemented for
use by ERCOT, the network operator in Texas, US. Information about this test
has been gathered from slides written by Shams Siddiqi in [21]. CCT determines
if a single transmission line is competitive or not. The first part of the test is
done by calculating an index called ECI, Element Competitiveness Index, which
is very similar to HHI. Depending on the direction of flow over the constraint
(transmission line), the subsystem at the end that is importing energy is called
the import-side. The subsystem at the opposite end is called the export-side.
One side exports energy to the other who imports this amount of energy. The
procedure is described as a two step algorithm.

1. Test for sufficient competition to resolve constraint on both sides. This is
done by calculation of ECI on both sides.

2. Test for pivotal player.
In the first step the Element Competitive Index on both import and export-side
is calculated. Each of these subsystems are investigated separately. The ECI
is similar to the HHI index with some important differences. ECI is enhanced
by including the geographical disadvantages, caused by the electric grid, into the
definition of each generator’s market share. The effective capacity (competitive
capacity) is defined as the available capacity of each player multiplied by its relative
shift factor. The shift factors are proportional to the disadvantage that distance
from the import/export bus causes. Since a load in the network theoretically
can be seen as a negative injection of power, the effective demand is calculated
analogous with the effective capacities. On the import side an amount equal to the
constraint’s limit of power flow is subtracted from the effective demand. Similarly
this amount of energy that is exported by the export side is to be added to the
effective demand on the export side. The total sum in market shares is defined as
the sum of all effective capacities needed to meet the effective demand. Otherwise
ECI is equivalent to HHI, and the formula is:

ECI =
∑
i

(Generator’s effective market share in %)2 (5.2)

The second step is to determine if a pivotal player exists. A pivotal player exists
if the constraint cannot be resolved after removing the largest effective supplier
on the import side. For a transmission line to be competitive, both import and
export sides need to have an ECI < 2000 and no pivotal player may exist. Historical
information about constraint’s competitive history is stored on a daily, monthly
and annual basis. A more exact and iterative description of how the CCT may be
implemented is given in Appendix C.

Mitigation with CCT

The information gained running the CCT is then directly used for mitigation
purposes. The daily non-competitive branches are excluded, replaced by infinite
transmission capacity, when the real-time prices are calculated.
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Discussion about CCT

CCT is a very logical way of determining a transmission line’s competitiveness.
This is a total solution, since it incorporates both detection and mitigation. It
does not deal with detecting companies market power directly. The approach in-
stead puts focus on detecting bottlenecks in the transmission network. Then, by
establishing effective market rules, companies located at beneficial locations are
indirectly prohibited from inflating prices.

A setback might be that only a single constraint at a time and its corresponding
subsystems at both ends are considered. No combinations of congested lines are
considered. The cases where many constraints in the network are congested at the
same time might cause other harmful market situations than those detectable by
the CCT.
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5.4 The M Matrix
Introduction

In [7] a very interesting sensitivity approach to measure the existence of potential
market power is proposed. In [3],[18],[5] and [4] the theory has been summarized,
estimated, extended and interpreted further. Calculation of the M matrix is an
approach that is intended for use by the ISO. The theory assumes knowledge about
information normally only accessible by the operator. The authors define potential
market power as: “The ability to raise prices without affecting other generator’s
dispatch”. This is very similar to the previous mentioned quote “Market power
is the ability to raise prices above the competitive level” (FERC SMD §393). On
a competitive market a generator who raises its price on offered energy should
loose market share, being substituted by a competitor. So if a supplier is able
to raise prices without impacting its own dispatch this supplier is creditable for
some amount of market power. To quote Dr. Robert J. Thomas who has been
mentioned as co-author of all the papers regarding the development of the M
matrix: “Market Power boils down to substitutability”. This is especially
true during peak hours of load. When resources are slim, the general lack of
substitutability in the network is elevated. To locate and measure the severity
of these market flaws is hard, because of the complexity of the problem and its
staggering amount of contributing factors. Areas with low substitutability are
called load pockets. The ideal load pocket can be seen as a group of generators that
due to congestions have been totally isolated from competition, from generators
outside the load pocket. There are no further importation paths accessible by
the operator. The sub market inside the ideal load pocket is independent of the
remaining market outside the load pocket. When these smaller sub markets arise,
holding few supplying companies, oligopolies or even monopolies may suddenly
exist within the otherwise overall competitive market. Next we shall explain how
we can detect these potentially harmful sub markets.

5.4.1 The Idea, Assumptions and Desired Properties of M
Access to a Optimal Power Flow (OPF) solving software, able to solve commercial
scaled problems, is assumed available. In this software a full AC power flow model
is used, both real and reactive power accounted for. Supplies from ancillary services
are excluded in this theory. Each supplier is assumed to offer energy by submitting
a piecewise linear block offer to the ISO. In other words, each supplier offers energy
in blocks of MW to be sold at a price/MWh. Each supplier may have several
blocks to offer at different prices. This is further illustrated in Figure 5.1. The
last accepted offer (LAO) sets the nodal price. There are three possible outcomes
for a generator once the market has been cleared. For generators in the same bus
a block may be one of the following:
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1. Fully dispatched, with a price lower than LMP

2. Partially dispatched, with a price equal to LMP

3. Not dispatched, with a price higher than LMP

Figure 5.1. Example of a generator block offer. Three amounts of energy are offered at
three different prices. Block 1 is fully dispatched, block 2 is marginally dispatched and
the last block was not dispatched at all. If each block represents a generator, block 1 and
3 would be generators operating at their respective maximum and minimum operating
levels. Since block 2 is marginally dispatch, the price represented by this block is also
the resulting Locational Marginal Price (LMP).

Marginal Generators Set the Price

The idea is to derive a matrix containing the second order price derivatives to rep-
resent all own-price and cross-price effects among all marginal generators in the
network. A marginal generator is a partially dispatched generator and therefore
also a price setting generator. This can be observed as the middle block in Figure
5.1. Market power in general is defined as “the ability to raise prices above the
competitive level”. In this approach market power is defined as “an entity’s ability
to raise its price on offered generation without affecting the scheduled dispatch”.
Since the objective of this approach is to detect where potential market power is
located, it is crucial that this re-definition of market power is equivalent to the
general definition as well. To shed some more light on this we will briefly discuss
the underlying reasons for this.

For this re-definition of market power to make sense, one should only con-
sider the players that are marginal generators, not operating at a maximum or
minimum operating limit. To understand this we consider the opposite, that a
generator operating at its maximum or minimum operating level is taken into
account when calculating the M matrix. Is the generator operating at its maxi-
mum operating limit able to raise its offered price without affecting the scheduled
dispatch? Yes, since it has offered its energy at a price lower than the currently
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valid LMP it is able to raise this lower price all the way up to the LMP before
affecting dispatch. When its price on offered energy exceeds the LMP it will loose
dispatch and become the new marginally dispatched, price setting, generator. Is
the generator operating at its minimum limit able to raise its price without af-
fecting dispatch? Yes, since energy is offered at a higher price than the currently
valid LMP it is surely able to raise its price further without affecting dispatch.
Since both these cases obviously are not cases of generators with market power,
they have to be omitted in the calculation of the M matrix for it to make sense.
Therefore, non marginal generators are to be looked upon as fixed injections into
the network. Furthermore, must run units that are bound through contractual
agreements should also be considered as fixed injections.

Two Optimal Power Flows

The program that solves an OPF is used by the ISO to calculate the optimal
assignation of offered energy to satisfy the demand, subject to all the physical
constraints of generation and those caused by the limitations of the transmission
network. Given the solution of an OPF, which yields all LMPs, a replicate of this
solution can be made by a subsequent OPF run with different input than what
was used in the first one. In this second OPF the original block offer from each
supplier is replaced with the LMP valid in that bus. This means that all generators
are offering energy at a price that automatically will be the optimal price in each
bus. The alignment of this second optimization problem is reordered in an ap-
propriate way, which separates marginal generators from generators operating at
their respective limits. This second OPF replicates the first solution while allowing
relaxation of the constraints on generation capacity. In turn, this allows incremen-
tal analysis about this solution and M can be calculated. The actual expression
is derived from perturbation analysis about the operating point, linearizing the
optimality conditions to the Lagrangian of this second OPF problem.

Desired Properties

Each column in the M matrix describes how an incremental change in one single
offered price from a generator corresponding to that column will affect all other
generator’s dispatch corresponding to all other elements in that column. We will
discuss the M matrix’s valuable properties further in Section 5.5. The mathemat-
ical formula describing the desired relation for the M matrix is stated in Equation
5.3 below. ∆λ is the vector of incremental changes in price. ∆P is the vector of
incremental changes in dispatch.

M∆λ = ∆P (5.3)

If a network has n marginal generators the M matrix will hold n2 values. Note that
actual incremental values in Equation 5.3 are not explicitly available, in a direct
manner. But we will in the following section show how an expression describing
this relation is obtained.
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5.4.2 Deriving M, The Price to Dispatch Sensitivity Matrix
The authors of [7] derive an analytical expression of the M matrix on the desired
form of Equation 5.3. Here we will show the main steps of how the analytical
expression of the M matrix is obtained. First the first OPF problem has to be
solved. The derivation starts from formulation of the second OPF problem. In
order to fully understand this derivation it is recommendable to reflect back on the
exact definition of the OPF problem in Section 4.3.3 at this point. The definition
of the AC Power Flow model is also important, and can be viewed in Section 4.1.
Especially important in that section are the resulting load flow Equations 4.7 and
4.8. The general mathematical definition of an OPF problem can be written like
this:

minimize
x

f(x)

subject to g(x) = 0
(5.4)

For convenience the variable x has been ordered into P and y. Similarly the vector
g(x) holding the constraints is re-ordered into g1(P, y) and g2(y). The variables
are grouped in the following way:

x =
[
P
y

]
and g(x) =

[
g1(P, y)
g2(y)

]
(5.5)

f(P, y) is the total cost of the problems resulting power distribution schedule.
The cost function is piecewise linear, due to the block offers. P is a vector holding
all real power injections from marginal generators. y contains all other variables
of the problem such as fixed real power injections, reactive power injections, bus
voltages and angles etc. Note that the separation of the variables y and P is done
in order to achieve what we discussed in Section 5.4.1, where we made clear why
only marginal generators should be considered when calculating the M matrix.
g1(P, y) is a vector containing the load flow equations describing the real power
mismatch at buses where the variable P applies. g2(y) holds all other constraints
of the problem. This includes real and reactive power mismatch at all buses,
transmission line thermal limits, voltage limits, generation limits and any other
constraint that the problem formulation may have. The load flow equations are
in the form shown in Equation 5.6.

gi1(P, y) =
∑
k∈Ji

Gik|Ei||Ek| cos(θi − θk) +
∑
k∈Ji

Bik|Ei||Ek| sin(θi − θk)− Pi (5.6)

Notice that Equation 5.6 is the same as Equation 4.7, namely the real part of the
Power Flow Equation 4.6. Here Ji is the set of buses that are connected to the
ith bus. |En| is the voltage magnitude at the nth bus and θn is the bus voltage
angle at the nth bus. Gik and Bik are the real and imaginary parts of the bus
admittance matrix respectively, which relates the interconnection between the ith
and kth bus. g2(y) holds the load flow equations at all other buses where the
variable P does not apply. g2(y) also holds every other constraint stated for the
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problem. Given these definitions we can denote the Lagrangian to this problem
as:

L(x, λ) = f(x) + λg(x)⇔ L(P, y, λ1, λ2) = f(x) + λ1g1(P, y) + λ2g2(y) (5.7)

where λ =
[
λ1
λ2

]
are the Lagrangian multipliers

The first order optimality conditions are:

∇f(x) +
[
∂g(x)
∂x

]T
λ = 0 (5.8)

g(x) = 0

Values of x and λ that are also solutions to a perturbed problem in the vicinity of
the original solution to the first OPF problem must satisfy the following condition:[

λ1
0

]
+
[
∂g(x)
∂x

]T [ λ1
λ2

]
= 0

g(x) = 0

First order Taylor expansion, around the solution to the first OPF problem, of the
above yields:[∑

λi∇2gi(x)
]
∆x+

[[
I 0
0 0

]
+
[
∂g(x)
∂x

]T] [ ∆λ1
∆λ2

]
= 0

∂g(x)
∂x ∆x = 0

Notice that because of the way that the problem has been grouped and the vari-
ables have been separated, the following can be stated:

∂g1
∂P = −I,

∂g2
∂P = 0,

∑
λi∇2gi(x) =

[
0 0
0 H22

]
This means that the equations above simplify to the following:

H22∆y = −∂g
T
1

∂y
∆λ1 −

∂gT2
∂y

∆λ2 (5.9)

∆P = ∂g1
∂y

∆y (5.10)

∂g2
∂y

∆y = 0 (5.11)
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From the above three Equations 5.9-5.11, M can be derived through simple alge-
braic manipulations to reach M∆λ1 = ∆P . The result is:

M = ∂g1
∂y
{H−1

22
∂gT2
∂y

[
∂g2
∂y

H−1
22
∂gT2
∂y

]−1
∂g2
∂y

H−1
22 −H

−1
22 }

∂gT1
∂y

(5.12)
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5.4.3 Deriving N, The Revenue to Dispatch Sensitivity Ma-
trix

The M matrix can be called a price-to-dispatch sensitivity matrix. Its close relation
to market power was even further accentuated when it in [5] was extended to the
revenue-to-dispatch matrix N. The N matrix is simply related to the M matrix. It
is obtained by stating that the revenue ri for a generator i is equal to its offered
price λi multiplied with its dispatched quantity of real power Pi. This relation can
be expanded in the following way:

Desired form: ∆R = N∆λ

ri = λiPi ⇒
∆ri = ∆(λiPi) =
λ∗i∆Pi + P ∗i ∆λi =

λ∗i (ΣMij∆λj) + P ∗i ∆λi =
[diag(λ∗i )M∆λ]i + [diag(P ∗i )∆λ]i ⇒

∆R = [diag(λ∗)M + diag(P ∗)] ∆λ ⇔

N = [diag(λ∗)M + diag(P ∗)] (5.13)

In these equations P ∗ is the vector of optimal dispatch and λ∗ are the correspond-
ing LMPs, both given by the solution of the first OPF, as explained in 5.4.1.
diag(λ) is a function that puts all the elements in the vector λ along the diago-
nal of a otherwise empty matrix. No new information is gained from N, but this
rewriting of the M matrix simplifies interpretations of certain applications. We
will discuss more of this in the next Section 5.5.
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5.5 Properties and Applications of The Sensitiv-
ity Matrices

The M matrix is symmetric and has the size n × n if there are n partially dis-
patched generators given a certain operating point. Another important property
is that it is singular where the vector of LMPs is an eigenvector associated with
the eigenvalue 0. This indicates that a proportional change in all nodal prices will
not change the dispatch, which seems reasonable. The revenue-to-dispatch matrix
N is nearly symmetric, has all negative diagonal elements, real eigenvalues and
non-negative sums of each row.

5.5.1 Sub Matrix Sums as Metric for Market Power
The paper that introduced this application is [6] by Mary B. Cain and Fernando L.
Alvardo. They discuss the properties of the revenue sensitivity matrix N and ex-
plore mathematical methods for detecting groups of suppliers with market power.
The elements in a column of N indicate the sensitivities for each generator’s rev-
enue from a change in bid by the single generator represented by that column.
Given the properties of the N matrix, three different ways are considered to iden-
tify groups with potential to exploit their advantages. They are:

1. Positive sums of row subsets of N. By checking if the sign of a row sum
is positive or negative we essentially ask if it is profitable for the generator
corresponding to that row, if all generators part of that row raise their prices.

2. Positive sums of column subsets of N. By checking the sign of a col-
umn’s sum we ask if it is profitable, for the group of generators represented
in the column, if the single generator corresponding to that column raises
its price.

3. Positive sums of sub matrices of N. By choosing a sub matrix and
calculating its sum, the sign indicates if it was profitable for the group of
generators represented in the sub matrix to raise their prices.

In [6] they conclude that a positive sum to a sub matrix is the best indicator
of market power of the three. A sub matrix with a positive sum indicates that
implicit collusion may be profitable among the generators part of the sub matrix.
Implicit collusion means that generators do not actively collude, but are able to
independently raise their prices while reacting to their own price/revenue signals.
In [6] it is also proposed that indications of explicit collusion can be identified.
Imagine that a group of suppliers is observed repeating a certain bidding pattern
that appears to be unprofitable for some members of the group (negative column
sum). If the group in total gains from these bidding patterns (positive sub matrix
sum), then the obvious losers in this coalition might be compensated outside the
market.
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Discussion about Sums of Sub Matrices as Metrics for Market Power

Positive sum sub matrices indicate that the market is susceptible for deployment
of market power by the groups defining the matrices. To be able to get a total
oversight, on which suppliers or which groups/combinations of suppliers that have
potential market power, all combinations have to be considered. The authors of
[6] recognize the computational challenge in locating these matrices for large-scale
networks. They point out that methods based on analysis of eigenvectors and
eigenvalues, as proposed in [4], might be more practical for larger systems.

5.5.2 Eigenvectors and Eigenvalues as Metrics for Market
Power

In [4] a spectral method for identifying load pockets was introduced. As previously
mentioned, the M matrix has an interesting property in Mλ∗ = 0. λ∗ is the vector
of LMPs given by the solution at the current operating point. λ∗ is an eigenvector
associated with the eigenvalue 0. The consecutive meaning of this property is
important. It means that if all generators raise their offers simultaneously, the
optimal assignation of generation will remain unchanged. The total market can
be seen as an one big perfect load pocket since no exchange of energy is possible
with entities that are not part of the market. Given this insight we can understand
that given the existence of a smaller ideal load pocket within the total market,
there should be a sub-matrix of M with a relationship to part of λ∗, similar to the
relationship between the total M matrix and λ∗. This sub-matrix, if found, should
also have similar properties as the ones investigated for positive sub-matrix-sums
in Section 5.5.1, if the eigenvector’s corresponding eigenvalue is relatively small.

The Perfect Load Pocket

Consider the case where a perfect load pocket exists, smaller than the rest of the
market. The generators inside this load pocket are part of the set GIN . All others
are part of GOUT . We realize that all generators part of GOUT are also part
of a bigger, but equally perfect load pocket. We have two independent markets.
Now we rearrange the vector of LMPs to correspond to the two different sets of
generators in the following way:

λ∗T =
[
λ∗TIN λ∗TOUT

]
. (5.14)

If the generators part of GIN raise their prices simultaneously, proportionally to
λ∗IN , dispatch will not change. This follows from Equation 5.15. Note that the M
matrix also has been rearranged in the same way. M describes how changes in λ
affect dispatch, P . In Equation 5.15 a price change profile ∆λ∗ is described where
only generators inside the load pocket change their prices, while the generators
outside the load pocket do not change their prices.

M∆λ∗ = ∆P ∗ ⇒
[

MIN,IN MIN,OUT

MOUT,IN MOUT,OUT

] [
∆λ∗IN

0

]
=
[

0
0

]
(5.15)
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This is valid the other way around, where only the generators part of GOUT raise
their prices the same way. But still, Equation 5.15 only holds in the case where a
perfect load pocket exists. The perfect load pocket is a good example to describe
the meaning and purpose of the method, but they are not likely to occur in real
life operation. There are many reasons for this explained in more detail in [4]. To
mention one, when demand is not perfectly inelastic no perfect load pockets exist,
which means no eigenvector except λ∗ is related to an eigenvalue being exactly
zero. However, load pockets with very little substitutability may exist and these
will correspond to small eigenvalues. Therefore small eigenvalues and the elements
of their corresponding eigenvectors are of ultimate interest in this method.

In [4] an example is presented where the authors simulate a 30 bus, 6 gen-
erator network. They calculate the M matrix, normalize the incremental values
around their nominal values and then perform spectral analysis. The results they
presented is given here in Example 5.2.

Example 5.2

Eig.vectors :


1.00
1.00
1.00
1.00
1.00
1.00




−0.02
−0.02
0.03
0.03
0.9
1.00




−0.51
−0.52
0.59
0.34
−0.58
1.00




−0.16
−0.14
−0.76
1.00
0.07
−0.10




0.44
0.31
−0.52
−0.20
−0.69
1.00




1.00
−0.94
0.04
0.03
0.06
−0.09

(5.16)

Eig.values :
[

0.00 −0.057 −0.525 −26.0 −40.5 −201
]

(5.17)

We observe that the first eigenvalue is zero. This value corresponds to the first
eigenvector which elements are all ones. This is the vector of LMPs which after
the normalization is converted to a vector of all ones, λ∗′ = [11 . . . 1]T . A small
eigenvalue indicates low change in dispatch given a certain price change profile.
If this profile is clearly separating certain generators from others (isolation from
the market), this indicates that the generators corresponding to the dominating
positive elements of the eigenvector are part of a load pocket. The second eigen-
value is small and suggests there is low substitutability for the generators which
dominate representation in the corresponding eigenvector. We can observe that
the 5th and 6th element of the second eigenvector are large compared with the
other elements in that vector. Generators corresponding to element 5 and 6 are
therefore probably located in a load pocket.

5.6 The Estimated M matrix
In [18] the estimation of the M matrix is introduced. This approximation enables
use of simpler optimization programs to calculate the M matrix. This allows other
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entities than the system operator to calculate it. The idea is to estimate the
original M matrix where a full AC power flow model is used, and instead use the
DC power flow model. The function representing losses in the system is however
kept nonlinear. The nonlinearity of loss representation is of crucial importance
and will be discussed further in Section 6.2. Given the new optimization problem
formulation, an analytical expression is here of interest. All basic ideas are the
same as mentioned for the original approach in Section 5.4.1. We will here not go
through any exact steps how it is derived and refer to the paper [18] if this should
be of interest. The resulting expression for the estimated M matrix is given by
Equation 5.19. The optimization problem is formulated as:

minimize
P

λ∗TP

subject to
∑

P = Ploss +
∑

Pdemand

SP ≤ b
Pmin ≤ P ≤ Pmax

(5.18)

where λ∗ are the LMPs, P are the energy injections, Ploss is the loss function,
Pdemand are the loads, S is the shift factor matrix (also known as Power Transfer
Distribution Factors - The PTDF matrix) and b is the vector containing all the
transmission lines flow limits. The expression obtained is:

M = B−1

µ∗
[
LT (LB−1LT )−1LB−1 − I

]
(5.19)

where L =
(

E
λT

)
, E is a matrix comprised of the rows of S that correspond

to the transmission lines that are binding, µ∗ is the shadow price for the power
balance equation and finally B = ∇2

PPloss is the Hessian of system loss with
respect to generation.

5.7 Conclusions - The M matrix
5.7.1 Benefits
This approach does not rely on fictive benchmarks such as “competitive prices”,
which is used when calculating some of the indexes discussed earlier. The M
matrix’s definition is closely related to the definition of market power, which is
appealing. The original M matrix is intended to be used by entities like the ISO.
The estimated version on the other hand can be helpful to suppliers in determining
their bidding strategies.

5.7.2 Drawbacks
The model of the second OPF approximates dispatch and price to linear functions
of generator bids. A linearization like this is valid in the absolute vicinity of the
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solution. When a generator’s offer changes, or when load changes, the operating
point and binding constraints will change. This means that a load pocket, detected
with this approach, might only exist during certain operating conditions. This set
back is mentioned in [6].
We will try and understand the meaning of this set back further by considering
the problem from both optimization and physical point of view. Imagine we have
a congested transmission line, it is being fully used, it cannot transport any fur-
ther amounts of energy. In optimization this situation is represented as an active
constraint. Now imagine that in a given operating point, a certain transmission
line is approaching congestion, transferring energy to an amount close to the max-
imal flow limit. In optimization this situation will be interpreted as a non active
constraint. This means that an incremental amount of energy, caused by the per-
turbation of the first order optimality constraints, is still transferable over this line.
This will indicate that substitutable energy exists by using this transmission line
for transportation. But in practice this might not be true when non-incremental
(real) amounts of energy are to be transported. This situation which might be
equally critical as the existence of a fully congested transmission line will not have
an equal impact on the resulting M matrix.
It might be reasonable to determine a threshold in percentage of a transmission
line’s true thermal limit. This could be used to bind critical constraints in advance
by lowering the corresponding flow limits before calculating the matrix. What this
percentage should be is speculative, and might complicate things even further, but
we feel that this would constrict the signals given by the M matrix and make it
more prospective.

Time Issues Arise when Larger Systems are Considered

The success of the various applications for this sensitivity approach seem to be
highly dependent of the size of the network that they are applied upon. For
larger systems the search through the matrix becomes a noticeable combinatorial
problem. Also the actual calculation time for the matrix might be a problem.
We have not been able to find any calculation times of the M matrix for larger
systems. But an indication of this is given in that field experts at ABB suggest
that a full OPF, using the a full AC model and a network of approximately 5000
buses, will take minutes to converge. This may vary depending on the problem at
hand and the solver being used. The conclusive set backs as we see them are:

1. The matrix’s values are only valid in the current operating point.

2. The possibly high calculation time in obtaining the M matrix for larger
systems.

3. The subsequent combinatorial hurdle in interpreting the M matrix.



Part II

Approach and Simulations
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Chapter 6

The Q Algorithm and
Monopolistic Energy
Calculations

6.1 Introduction - The Evolution of our Work
In this introduction we summarize the evolution of this project. All important
problems we encountered and solved are explained in chronological order. In this
summary we refer to other sections where these problems, and how we got past
them, are explained.

Focus on the M matrix

We found interest in the work done regarding the M matrix. First we wanted
to calculate and analyze the M matrix, using some sort of available simulation
tool. But since we were not able to run a full AC-OPF at this time, we aimed at
calculating the estimated M matrix instead.

Why Nonlinear Representation of Losses?

The problem here was the loss function PLoss that seemingly had to be of second
order, in order to obtain something meaningful analytically. This bothered us
since nonlinear loss functions are not used in the simulation tools that we wanted
to use. Our struggle to derive an M matrix with linear losses suggested that we
needed a nonlinear representation of losses, which was confusing at first. With
help from an e-mail conversation with Dr. Robert J. Thomas (the most frequent
author of M matrix related papers) this question was answered. These insights
are summarized in the discussion about losses given in Section 6.2.

53
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The Q Algorithm is Formed

We created the Q algorithm as an approximation of the M matrix that we called
the Q matrix. It is a numerical approach where we perturb generator bids numer-
ically, calculating one column of the desired Q matrix at a time, one column for
each solved DC-OPF. This approach allowed the use of a linear loss function. The
Q algorithm is introduced in Section 6.3.

Implementation start

We started simulating with a Matlab package called MATPOWER, [26]. The
package contains solvers for AC-OPFs with nonlinear loss representation and DC-
OPFs with a lossless network model. Since our Q algorithm was intended for a
DC-OPF solver with linear loss representation, we were not quite satisfied with
our simulation possibilities. We calculated Q matrices using the AC-OPF solvers
available, even though we wanted to use the DC approximation in order to gain
speed.

Misinterpretations

We had as part of our Q algorithm defined a formula that calculated the upper
limit of perturbation in prices, so that the offered price changes would not bind
any new constraints. This formula is derived in Appendix A.3. This perturba-
tion limit, ∆λmax , was a heritage from the definitions of the original M matrix,
where the perturbation is assumed to be small enough not to bind new constraints.
While struggling to find a way to extract the subcomponents needed to calculate
it we started to question it. We had not reflected about the fact that we were not
constricted by the rules of sensitivity analysis anymore. The conclusions from this
is summarized in Section 6.3.2.

Monopolistic Energy Calculation

We realized that we could do more useful simulations without having a perturba-
tion limit. The effect of losses as a contributor of market power was neglected,
since it only causes smaller deviations in prices throughout the market. Focus was
put on congestions, as the primal cause of existence of market power. This left us
with a simplified version of our Q algorithm which we later renamed to the more
appropriate “Monopolistic Energy Calculations”. This is introduced in Section 6.4.

Simulations

Now we were able to split up and do separate work. We performed two sets of
simulations. In the first one we explain how the approach is implemented. Also
the difference in using the AC power flow model (accounting for losses) and the DC



6.2 Discussion - Losses and the M matrix 55

power flow model (neglecting losses) is covered by these simulations in Chapter
7. Then a market simulation is performed, which includes a proposal on how a
surveillance tool can be implemented, for automatic detection and measuring of
areas susceptible to market power. This evaluates and expands the approach and
is given in Chapter 8.

6.2 Discussion - Losses and the M matrix
In both the original and the estimated version of the M matrix non-linear represen-
tation of losses is used. The analytical expression is not defined without nonlinear
representation of losses. The easiest explanation for this would be to look at the
resulting Equation 5.19 for the estimated M matrix after realizing that the Hessian
B would be all zeros, thus B−1 would be infinite or not properly defined.

The Loss function, Physical Interpretation and Consequences

Losses are as we said earlier in Section 4.4 by nature nonlinear, Ploss ∝ RI2, but is
in commercial software programs often approximated or neglected. For the M ma-
trix losses are necessary in order to produce a separation between generator prices
and dispatch, and thus provide a meaningful sensitivity of change in price and
dispatch. In a lossless network without congestions all generators will effectively
be located in the same bus. In other words, all generators may transport energy
to any other bus in the system without additional cost. This friction in the system
defines a certain distance between the network’s ingoing generators, and causes
deviations in LMPs throughout the network. A generator close to a costumer has
low transportation costs (low losses) and may therefore offer a higher price than
other participants while still being competitive. In a lossless system without con-
gestions there will be only one price, which is the price that the marginal generator
has set. Therefore you can say that all generators are effectively located in the
same bus, but only if there are no congestions. Mathematically, usage of a linear
representation of losses bring a slight separation in prices, since the price is equal
to the marginal cost of delivery for another MW (first derivative), but no means to
calculate the sensitivity of those w.r.t dispatch, since the second derivative is zero.
Nonlinear representation of losses therefore is a necessity if we want to calculate
the analytical expression of the M matrix.

6.3 The Q Algorithm
Introduction

In this section we introduce a verbal explanation of the Q algorithm. We begin
with a short repetition of the M matrix, partly to emphasize further on the back-
ground of our approach, but also to make this section somewhat understandable
on its own. The full mathematical approach can be found in Appendix A.
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Background

A generator or a group of generators, which has some degree of market power
should have the ability to raise its offered price on energy to some extent with-
out affecting other generators dispatch. In [7] a sensitivity approach on how to
detect market power with this assumption was introduced. The authors define
the M matrix, which represents the own-price and cross-prices sensitivities among
participants for given electricity network. In other words, the M matrix describes
how an incremental raise in price from a certain supplier of energy in a certain
node in the network affects dispatch throughout the other suppliers in the net-
work. The desired relation M∆λ = ∆P is stated where P are the real power
injections and λ are the locational marginal prices. Using a network model with
nonlinear constraints an formula for the dispatch-to-price sensitivity matrix M is
derived analytically. In [18] an estimation of this first approach was introduced,
the estimated M matrix.

1. M Matrix - Requires the solutions of two full AC-OPFs.

2. Estimated M Matrix - Requires the solutions of two DC-OPFs and a
nonlinear model of the transmission losses.

Our goal is to take these ideas and apply them using an even more simplified
model of the power network system. We hope to get some results with an all
linear representation of the problem, AC power flow approximated to DC power
flow and linear loss representation. We want to numerically calculate a matrix Q
and compare its properties with the M-matrix. The levels of input Pi are the real
power injections at node i, and the input prices λi are the nodal prices at node i.
Thus the elements in our desired Q matrix are qij = ∆Pi

∆λj since we are calculating
Q numerically.

6.3.1 The Q Algorithm in Words
The starting point is a solution to a DC-OPF problem which gives us a LMP vec-
tor λ∗ and a vector of optimal assignation of generation P ∗. Then we group the
generators that are looked upon as fixed. Fixed due to contractual commitment or
working at a maximum or minimum operating level. The values of the quadratic
matrix Q are obtained numerically by repeatedly solving DC-OPFs while perturb-
ing the cost vector in an appropriate way, λ∗p = λ∗d + [0 0 . . ∆λi . . 0]. Either
the Q matrix is calculated for all the marginal generators in the system or a sub-
matrix Qsub is calculated for a smaller set of generators. The group of interesting
generators define the set J . If the numbers of interesting generators part of J are
d, this algorithm will loop d times, and d+ 1 LP problems will have to be solved.
Each loop of the algorithm generates a new column in the Q matrix.

Perturbation Parameter

Before the Q matrix can be calculated a perturbation parameter ∆λi has to be
chosen. Choosing ∆λi has to be done in advance after that the operating point
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has been established from the solution of LP1. We want to perturb in the vicinity
of this point, in order to make an appropriate approximation of the M matrix.
We need to make sure that no new binding constraints are introduced due to the
perturbation in price. To accomplish this we have to define a maximum level of
perturbation, denoted as ∆λmax. ∆λi may not be bigger than this certain limit
∆λmax. The mathematical expression of ∆λmax is derived in Appendix A.3.

6.3.2 Conclusions - The Q Algorithm
Benefits

The Q algorithm is an approach to calculate the M matrix numerically, through
repeated DC-OPF runs. The most compelling part is that we are able to calculate
sub matrices directly, for a chosen group of interesting participants or a certain
area, without calculating the whole matrix. This might be saving a lot of time
if few participants are of interest on a market with a network holding several
thousand electrical buses. Historical data and knowledge about certain companies,
merging of companies, or previous troublesome areas with high prices should be
available to the ISO as aid in this kind of cull. If so, this means that computation
and interpretation times should not be a problem even though very large network
systems are addressed. The approach enables calculation of sub matrices directly,
improving calculation times and computation times of subsequent interpretations.
The method should be simple to implement as an additional program using an
existing OPF package because only changes have to made to the input and normal
output variables have to be analyzed. No internal subcomponents have to be
extracted, meaning no changes have to be made to the existing code of the OPF
package.

Drawbacks

Why try to mimic the M matrix when we can use the benefits of the fact that we are
solving the LP problems for every change in price? The upper limit of perturbation
is a constricting factor, which means the approach will suffer from similar setbacks
as the original M matrix approach, caused by the rules of sensitivity analysis, as
mentioned in Section 5.7.2.
Further on, representation of losses are only of interest when deriving an analytical
expression like the M matrix and the estimated M matrix. In our case if small
changes in price were made, losses would only disguise the effects we are really
looking for, namely the market effects caused by congestions. For larger changes
in price, the impact from losses on the resulting changes in dispatch should be
negligible.
But if a lossless network model was used, the Q matrix has no meaning, since
∆λmax would be zero. New constraints will bind instantly if a generator raises
its price over the current LMP, of which there is a single one, valid throughout
the whole network if no congestions exist. If we consider to make large price
perturbations or using a lossless network, we will have to reformulate our approach
on how to detect market power. Previously market power has been equalized with
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the “ability to raise prices without losing dispatch”. We will take this formulation
to the limit in the next section.

6.4 Monopolistic Energy (ME)

6.4.1 Definition
“The ability to raise prices considerably without losing all dispatch”

Monopolistic energy (ME) is defined as the amount of real power in MW that a
single generator or a group of generators cannot be substituted for by any other
competitor. It is, under the assumption of totally inelastic load, the amount of
real power that the supplier or group of suppliers, e.g. a generation company,
could demand any price for. Consider the ultimate example where all generators
on the market are owned by a single company (monopoly), then the total load in
MW would also be the Monopolistic Energy level for that company. We will here
explain the idea on how to calculate such Monopolistic Energy levels.
To understand how ME levels can be calculated is quite simple. Consider we
are solving an OPF problem, where all information needed to solve the problem
is available to us. Among the offers submitted from all the generators there is a
certain generator who is offering its energy at an extremely high price compared to
all other generators on the market. The optimal solution to this problem would be
to exclude this generator from getting scheduled. If such a solution does not violate
the constraints of the problem, that generator is not accountable for any ME level,
since it could be totally substituted. If this solution violates the constraints of the
problem, we are forced to schedule this generator. If so, this minimum amount
it has to supply is that generator’s ME level. If a number of problems like this
were formed for each generator in the system we can calculate each generators
ME level. ME calculations can be performed using the DC or the AC power flow
model. This will be investigated further in Chapter 7.

6.4.2 Calculation Necessities
To calculate ME levels for a given network the following is needed:

• Knowledge of locations and levels of available generation capacities.

• Knowledge of locations and levels of demand in the network.

• A program able to solve an Optimal Power Flow problem, using either the
DC or the AC powerflow model.

6.4.3 Calculation Algorithm
If the previously mentioned information is available we can calculate ME levels
using the following algorithm:
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1. Solve the OPF problem using an auction where all available capacities are
offered at identical prices.

2. Save the vector of optimal dispatch P ∗ and the vector of LMPs λ∗ that are
valid in the buses where the generators are located.

3. Formulate a new OPF problem where the same available capacities are of-
fered at each generator’s corresponding LMP, given by the elements of λ∗.

4. Before solving this newly formulated problem we raise the offered price of
generator i the following way: λi new = λ∗i + ∆λ, where ∆λ constitutes a
“large” price increase.

5. Solve this second OPF problem.

6. Save the new vector of optimal dispatch Pnew*. In this vector the ith element
will represent the ith generator’s ME level.

7. Return to step 3 and continue this loop until all generators of interest have
raised their price once.
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Figure 6.1. Flowchart of the ME calculation algorithm

For each loop in this algorithm a vector P ∗new is saved. If n generators are
of interest, the algorithm will loop n times, resulting in n different P ∗new vectors.
Using these vectors we build the ME matrix. In Equation 6.1 the resulting n× n
matrix is illustrated.

ME matrix =
[
P
∗
1st new P

∗
2nd new . . . P

∗
nth new

]
(6.1)

The ME matrix contains each resulting vector of optimal dispatch P ∗new. Using
the vector P ∗, saved in step 2 of the algorithm, we can calculate the vector of
optimal change in dispatch the following way: ∆P ∗ = P

∗ − P ∗new. This allows us
to build the n×n optimal change in dispatch matrix C, which elements are shown
in Equation 6.2 below.

C =


∆P ∗1st 1 ∆P ∗2nd 1 . . . ∆P ∗nth 1
∆P ∗1st 2 ∆P ∗2nd 2 . . . ∆P ∗nth 2

...
... . . . ...

∆P ∗1st n ∆P ∗2nd n . . . ∆P ∗nth n

 (6.2)
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6.4.4 Conclusions
The ME approach is very straightforward and in simple network cases it would
be quite possible to calculate ME levels by hand, but for a bigger network (a real
network) this would be a tough task without the aid of an optimization tool as
we have proposed here. The ME calculation is an attempt to keep all the benefits
of the Q algorithm while avoiding its setbacks. ME calculations are meant to be
done in real-time or in a more prospective purpose. We will in Chapter 7 and 8
implement the algorithm and conduct various simulations to investigate its validity
in the purpose of detecting market power.





Chapter 7

Simulation - Power Flow
Model Comparison

7.1 Introduction
Previous Conclusions

Energy supplying companies may be accountable for having monopolistic energy
(ME), even though there are several other suppliers openly competing with them
on the market. In Section 6.4 an approach on how to calculate a supplier’s mo-
nopolistic energy level is introduced. This calculation can be done using both the
DC and the AC power flow model. Using the AC model should give better results,
since it is the more accurate model of reality. However, this procedure could be
very time consuming since the approach involves solving several OPFs. Using the
DC model should be faster, but the ME values obtained would in that case also
tend to be less accurate.

Main Objectives

• We investigate the possibility to implement calculations of ME levels, in a
way corresponding to the algorithm in Section 6.4.3.

• We wish to compare the use of the DC and AC power flow model in this
purpose.
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Figure 7.1. The 30-bus network.

7.1.1 The Network
In this simulation we deal with a 30-bus network with twenty loads and six gen-
erators. The network is separated into three areas, each holding two generators.
All transmission lines, except two of them, have a flow limit set to 200 MVA.1The
other two lines have a limit set to 10 MVA. These two lines constitute the only link
between Area 2 and the rest of the network. Every generator in the network has
a maximum capacity of real power set to 60 MW, this add up to a total supply of
360 MW. The total demand/load of 195 MW is divided throughout the network
in following way: Area 1 holds 50 MW, Area 2 has 85 MW, and Area 3, 60 MW.
The load in each area is distributed equally over all busses. See Figure 7.1 to get
an overview of the network in question.

Simulation Tools

Matlab version 7.1 is used as simulation environment. For this simulation MAT-
POWER version 3.2 was used as OPF solver using both AC and DC power flow
representation. MATPOWER (www.pserc.cornell.edu/matpower) is a package of
Matlab m-files designed for solving power flow and optimal power flow problems.

1When ignoring the affect of reactive power, flow limits given in MVA of apparent power
transcend into MW of real power.
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The DC-OPF solver BPMPD [15] is used to calculate the levels of Monopolistic
Energies. The file t_auction_case.m was used to define the network topology.
The file was altered to allow additional loads. MATPOWER’s auction function
enabled us to simulate a supplier auction. The code for this simulation is to be
viewed in Appendix D.0.1. The altered file t_auction_case.m can be viewed in
Appendix D.0.2.

7.1.2 Assumptions

1. The AC power flow model accounts for real power, reactive power and losses
in the network. The DC model only accounts for real power. Therefore, it
is reasonable to believe that differences in ME levels will be observable.

2. Since existence of ME levels is a direct result from congestions in the network,
there should still be some significant similarities when comparing usage of
the two mentioned power flow models.

3. Since losses are neglected in this simulation when using the DC model, the
size of the price change ∆λ should have no impact on the resulting ME levels.
However, when calculating ME using the AC model we expect the need to
perform a considerable price increase in order to get similar results.

7.2 Performance

In the simulations we first look into how a smaller price increase for a generator
impacts on the scheduled dispatch. Then, we will perform the same procedure but
for a much greater price increase. Finally, we will investigate how the production
level for a generator vary with a stepwise increase in price. These simulation will
be performed using both the AC and the DC representation of the network.

7.2.1 A Price Raise’s Impact on Dispatch

We will begin by forming an auction where every generator offers 60 MW to a price
of $50/MW. The demand will be considered totally inelastic. Therefore, we set the
consumer bids much higher in price ($100/MW) than the given generator offers.
The quantities demanded are those mentioned in Section 7.1.1. This auction is
then settled with the aid of “smart market”, which is a directory code in the
MATPOWER package used. Using this tool, we calculate the operating point, P*
and λ*. This constitutes the first two steps of the calculation algorithm, given in
Section 6.4.3.
We perform this procedure for both the DC representation of the network and the
AC model of it. Here we present the scheduled dispatch calculated for the two
cases.
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Generator

1
2
3
4
5
6

Dispatch [MW]
(using the AC-model)

18.4035
21.5131
27.6147
37.4938
33.3332
60.0000

Dispatch [MW]
(using the DC-model)

19.9726
26.8356
24.6212
37.6954
33.4479
52.4272

We observe differences in the dispatch between the two runs, and we also notice
that the total production quantity calculated using the AC representation exceeds
the total demand by just under 2%. This is the result of the loss percentage for
the AC case.
For the rest of the simulations, when referring to the scheduled dispatch we are
considering these once calculated.
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A Small Increase in Price and its Impact on The Scheduled Dispatch

We now choose to investigate how a small increase in offer price ($1/MW) for
a generator impacts on the scheduled dispatch. In order to do this, we simply
proceed with the algorithm presented, with ∆λ =$1/MW. By doing so for all
i generators, we then form a matrix in which all information is stored. Each
column i of the matrix tell the scheduled dispatch in MW after a price increase in
generator i’s offer price. Since the price increase is considered “small” we cannot
be sure that the calculated matrix is the actual ME-matrix defined by Equation
6.1. Therefore, we will chose to call this matrix a “Perturbed Dispatch”-matrix. In
this simulation, we are mainly interested in the matrix diagonal. These elements
explain what production level a generator is left with if its offered price is increased
by $1/MW.

“Perturbed Dispatch” Matrix using $1/MW Price Raise and AC
Model


0 25.1338 23.1073 23.5764 16.1578 22.3809

27.1204 0 26.8882 26.3279 25.5370 26.3583
34.3197 33.1583 10.9290 29.9504 32.7583 28.7412
41.1671 44.1603 42.1633 20.8382 40.9042 39.6990
35.7657 35.9906 35.4376 38.0547 23.1181 40.6007
60.0000 60.0000 60.0000 59.8010 60.0000 40.8703

 (7.1)

“Perturbed Dispatch” Matrix using $1/MW Price Raise and DC
Model


0 30.2788 25.4742 28.4850 24.1578 0

34.7186 0 36.4778 37.5819 33.0620 1.1734
30.9621 33.6581 0 41.7992 30.7300 60.0000
41.8237 43.7855 46.8122 0 42.0502 60.0000
36.7926 38.4467 29.6757 31.5989 4.9995 60.0000
50.7035 48.8314 56.5607 55.5357 60.0000 13.8255

 (7.2)

As we can see, the two matrices have different structural features. By comparing
the two separate diagonals for matrix 7.2 and 7.1, we find that a small price increase
have a greater impact on the price raising generators in the “DC-simulation” than
for the “AC-simulation”. Although, the consequences for the price raising genera-
tors 1 and 2 are the same in both power flow models. For the rest of the generators,
when increasing their offers, we find a greater loss in dispatch calculated in DC
than for the AC case. The only generators that are able to raise their price, and
still get scheduled in both power flow representations, are generator 5 and 6.
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ME Calculation - The Result of a Large Price Increase

In order for us to calculate the ME-matrix, we have to let ∆λ be much greater in
the algorithm used. This is due to the assumption that when a generator offer is
set very high relative the other suppliers, it will loose all of the dispatch that it is
substitutable for, i.e, the residual dispatch for the price raising generator will then
constitute its ME. Therefore, we now perform the same simulation as earlier with
the only difference that ∆λ is set to a high value of $30/MW. This represents a
60% price increase, and is high enough to obtain the ME values. The calculated
ME-matrices for the different power flow representations of the network are then
the following:

ME Matrix using $30/MW Price Raise and AC Model


0 30.4476 28.9451 30.5681 25.0483 0

42.9377 0 31.8618 34.8083 26.1337 2.1891
29.9652 33.3115 0 36.7644 40.7719 60.0000
30.6664 39.5455 41.7090 0 39.6653 60.0000
34.8173 35.1311 36.2694 37.1718 7.4983 60.0000
60.0000 60.0000 60.0000 60.0000 60.0000 18.7565

 (7.3)

ME Matrix using $30/MW Price Raise and DC Model


0 41.6017 32.1319 35.1679 26.1300 0

40.0552 0 35.5817 37.4062 32.7568 1.1729
31.3869 30.1068 0 37.6260 37.1165 60.0000
37.5065 37.6976 42.6265 0 33.9967 60.0000
36.4601 36.0843 30.4338 31.3958 4.9995 60.0000
49.5918 49.5100 54.2266 53.4046 60.0000 13.8255

 (7.4)

These two matrices are much more alike in comparison to what they were in the
last simulation. Since we believe that these are the actual ME-matrices for the
different power flow models, the diagonals now contain the ME values. As we can
see, generator 1 to 4 have ME equal to zero in both cases (AC and DC). Generator
5 and 6, however, can raise their offers with $30/MW and still get scheduled in the
dispatch. Their ME value calculated in AC are 7.5 MW and 18.8 MW respectively.
For the calculation in DC, we find that generator 5 have ME equal to 5 MW while
generator 6 have ME equal to 13.8 MW.
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Figure 7.2. The impact of different magnitudes of price increase on generation

A Stepwise Increase in Prices - ME Convergence

In this last simulation we will investigate how the production level for a price
raising generator varies with the magnitude of price increase ∆λ. To perform this
simulation, we simply apply the algorithm used above with the difference that we
run it for several positive price changes ∆λ. We will start with a ∆λ equal to
$0.1/MW, and stepwise we raise the price by $1/MW until the magnitude of the
price increase is just over $30/MW. The result is presented in graphical form (see
Figure 7.2).

On the x-axis we show the offer price for the specific generator node. The
y-axis is the scheduled dispatch for the generator in question. The solid curve in a
graph is the result from the simulation made for the DC model, the dashed curve
represents the simulation in AC. By studying the solid curves, it looks like all en-
ergy a generator is substitutable for in the DC representation is lost immediately
after the first price increase of $0.1/MW. After that point, the curves get horizon-
tal, which indicates that a greater price increase will not impact different on the
generators level of production. For the curves calculated in AC, we see much more
smoothness. In this case, a price increase for over $10/MW is required before the
curves turn horizontal. The level of generation where the curves stay flat, are in
fact the levels of ME for the different generators. By that, we can now confirm
that the matrix in (7.3) is the ME-matrix for the AC model. Also, we conclude
that either one of the matrices in (7.2) and (7.4) will do as a representation of the
ME-matrix in DC. )
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7.2.2 Conclusions
We have successfully implemented the algorithm described in Section 6.4.3. We
were able to calculate levels of ME using the AC and the DC power flow model.
Usage of the AC model implied a necessary price increase ∆λ of at least $10/MW.
When the DC model was used, any amount of ∆λ satisfied the calculation ob-
jectives. We could observe how the calculated ME levels using the AC model
converged, with increasing price raises, towards the instant results obtained when
using the DC model. When the ME level was zero, they fully coincided. But
when an existing level of ME was calculated they did not. In these cases, the AC
model result was strictly greater levels of ME, in comparison to the corresponding
calculations using the DC model. This difference should be due to the fact that
including reactive power will effectively constrict the thermal limits of the trans-
mission lines even further. Also losses might play a role in this, since it should
logically cause an elevation in generation. The most important conclusion is that
we can use the DC model with good results if presence of ME levels are of inter-
est. The exact value of this level is not of ultimate interest. More importantly we
can conclude that the DC model has functioned satisfactory in determining the
existence of such levels, and should also in a sufficient way indicate the severity of
this presence.



Chapter 8

Simulation - Application and
Evaluation of the Approach

8.1 Introduction
Short Repetition

Monopolistic Energy (ME) can be explained as the minimum amount of genera-
tion in MW that a certain supplier has to produce in order to meet demand and
maintain the power balance in the network. Since totally inelastic load is assumed,
the supplier is able to sell this certain amount of energy at any price. This should
also be applicable for any group of generators, collaborating or owned by the same
company for instance. Existence of ME depends on the following few factors:

• Amount and physical location of generation capacity that is available

• Amount and physical location of demand/load in the network

• Congestions in the network

Main Objectives - Simulations

1. We investigate the possibility to implement a surveillance tool that performs
automatic monitoring of a market. The network is shown in Figure 8.2 and
consists of a 30 bus network model, with 6 generators and 20 loads. We wish
to perform a market auction simulation.

2. We hope to be able to indicate that ME is closely related to market power.

3. We hope to be able to indicate that calculated amounts of ME indicate the
severity in which areas might be susceptible to market power.

4. A way to detect certain groups with greater probability in having ME levels
than others, is developed, implemented and evaluated.
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Simulation Tools

Matlab version 7.1 is used as simulation environment. For this simulation MAT-
POWER version 3.2 was used as OPF solver using both AC and DC power flow
representation. MATPOWER (www.pserc.cornell.edu/matpower) is a package of
Matlab m-files designed for solving power flow and optimal power flow problems.
The DC-OPF solver BPMPD [15] is used to calculate the levels of Monopolistic
Energies. The file t_auction_case.m was used to define the network topology.
The file was altered to allow additional loads. MATPOWER’s auction function
enabled us to simulate a supplier auction.

8.2 The Surveillance Tool
The Matlab code for the Surveillance Tool can be viewed in Appendix E.1.1. Input
data are generation capacities, demand, network properties and an optional input
variable if a certain predefined group of generators is of interest. Output data are
levels of ME for each generator, and a groups’s monopolistic energy (GME). A
simple flowchart of these signals is given in Figure 8.1.

Figure 8.1. Offered capacity, Demand, Predefined Groups and Network topology are
input signals. ME and GME levels are output signals.

8.2.1 Generator Group Detection
Introduction

When groups of generators are investigated, calculation of their GME has to be
done with consideration to their total joined capacity. A group may be accountable
for levels of GME, even though they separately are not. The calculation of a GME
is done, analogous with ME in Chapter 7, but now raising all of the group’s offered
prices simultaneously. We can consider the group’s capacities as merged, even if
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they are located in different nodes of the network. The optimization part of the
surveillance tool will literary try to minimize this group’s presence on the market.
If it is especially successful in this, and manages to exclude the whole group from
being dispatched, the group’s ME level is zero. If the group is indispensable,
the total amount of real power they unavoidably have to dispatch together is the
group’s GME level, given in MWs.
Calculation of ME for any known predefined combination of generators, e.g., due
to ownership, is easy by using the group input variable. But in addition to this
we want to be able to detect groups and areas susceptible to market power, even
though we initially do not know where these might be.
The method for this, about to be proposed, should be expandable but we will here
focus on pairs of generators. The combinations of pairs that are most probable to
have some amount of GME, need to be found in advance before their GME levels
are actually calculated. Otherwise the approach will not be realistic when larger
systems are considered, due to the number of possible combinations of pairs that
follow. So, how can we in advance figure out if a certain group of generators are
more probable than others in having GME levels, before calculating it specifically?

GME Detection Approach

When the ME levels for the generators are calculated, as shown in Chapter 7,
the change in dispatch matrix C can be calculated. Consider a column c in this
matrix. The element in c that also is part of the matrix diagonal is called cd
and corresponds to the generator which price was raised in calculation of column
c. All other elements of c describe how dispatch is re-arranged among all other
generators in the system. The largest positive element in this column c called
cabsorber, corresponds to the generator who gains or “absorbs” the most dispatch
as a reaction to the raise in price by generator cd. It is tempting to think that this
absorbing generator is located in a way that it implies cd and cabsorber might have
some amount of GME together, when considered a collaborating group. However
this might not always be the case.

A forced change in dispatch inside a load pocket, will also reorder the dispatch
among the generators on the outside. This may be caused by compensations
needed in order to resolve the changed conditions of power flow. This means it
is not determinable who is inside or outside the load pocket by simply inspecting
the values of a single column. A generator outside the load pocket might gain or
loose a substantial amount in dispatch in order to help resolve the constraint over
a congested line. Therefore the following is considered:
Given a column c, we do a search for the generator that gains the largest amount
of dispatch for the column, cabsorber. But before we calculate the GME levels,
this relation has to be valid in the reversed order as well. That is, two columns
have to indicate that both corresponding generators substitute each other more
effectively than with any other generator. They have to be each other’s “first
choice in substitution”. Only if this relation exists, the GME levels for this group is
calculated. If the calculated GME≥ 0 it is stored to enable automatic recalculation
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in future runs. If the GME = 0 it is not stored. Theoretically this search could be
expanded to find three or more columns that indicate strict, mutual and efficient
substitutability. But since the network we use for this simulation would be too
small for a reasonable investigation, exploration of this is considered as future
work.

Surveillance Tool Output

If n generators are considered, the format of the output variable ME will be as
follows in 8.1:

ME =
[
ME1 ME2 . . . MEn

]
(8.1)

where ME1 is the level of ME in MWs, for the first generator and so on.
If n groups are detected by the surveillance tool, then the format of the output
variable GME will be:

GME =

 Gi1 Gj1 GME1
...

...
...

Gin Gjn GMEn

 (8.2)

where the two first columns define the group, generator i and j, and the third
column holds the corresponding GME to that group. A test example of this
detection approach is done later in Section 8.4.3.
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8.3 The Network

Figure 8.2. The network used for this simulation has three areas with two generators
each, 30 buses and 20 loads.

This is the network that is defined by the file t_action_case.m shown in Ap-
pendix E.1.5. Convenient and mentionable is that this happens to be the network
that was used as foundation for the simulations done by the authors of the M
matrix, that was introduced in Section 5.4. The authors of [7] simulated a non-
competitive market situation using this network model. They lowered the thermal
limits on the transmission lines connecting bus 4 with 12 and bus 23 with 24, while
keeping the others at a limit high enough in order not to be constrictive. In this
way they forced congestions to occur on these lines, causing generator 5 and 6 to
become part of a load pocket in area 2. Then they showed that the M matrix also
did indicate that this was the case. Their conclusions help us in a desirable way,
since if we make our own approach, using very similar network configurations, our
own result will be fortified if it coincides with theirs. We changed t_action_case.m
to add the additional loads that were not present in its initial form.
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8.4 Testing of the Surveillance Tool
8.4.1 Increasing Transmission Line Limits
We investigate how the output of the Surveillance Tool changes, when we elevate
the thermal limits of the transmission lines connecting bus 2 with 4 and 23 with
24. We will start with thermal limits at 5 MVA. Thermal limits are given in MVA,
the unit of apparent power, or the hypotenuse of the power triangle, where base
and height are determined by the real power in MW and reactive power in MVAR.
This means that no more than 5 MW can be transported via these lines initially,
since we are using the DC power flow where reactive power is neglected. We choose
a total load in each area of 70 MW, which means a total demand of 210 MW in
the entire network. We calculate ME levels for each generator in the system but
also for each area. The results are shown in Figures 8.3 and 8.4.

ME Plots

Figure 8.3. Amount of Monopolistic energy with increasing limits on transmission
constraints. GEN 1-4 are aggregated in the upper plot, since they all have 0 ME. The
middle plot shows amounts of ME for GEN 5. In the lower plot we observe that GEN 6
has the largest amount of ME for all values until we reach 13 MW.
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GME Plots

Figure 8.4. Amount of GME with increasing limits on transmission constraints. Area
2 dominates the amounts of GME.

Comments:

Figures 8.3 and 8.4 indicate that ME exists for transmission limits up to 13 MVA
and GME exists for limits of up to 45 MVA.
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8.4.2 Increasing Load
We investigate in a similar way how the output changes with increasing load in the
system. These results are shown in Figures 8.5 and 8.6. The critical transmission
line limits are now set to 10 MVA.

ME Plots

Figure 8.5. Amount of Monopolistic energy with uniform total load increase in system.
Again AREA2 and especially G6 is first to get amounts of ME with increasing demand
in the network.
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GME Plots

Figure 8.6. Amount of Group Monopolistic Energy with uniform total increase in load.
Area 2 is dominating the amounts of GME.

Comments:

If we order the generators in the same order they get accounted ME with increasing
load we would get: [G6, G5, G3, G4, G2, G1] corresponding to [Area 2, Area 3,
Area 1]. Area 2’s early establishment of GME is caused by lack of importation
possibilities. We observe how Area 2 is obtaining levels of Monopolistic energy at
a load of 20 MW in all areas. This seems to be reasonable since the limitations
on the transmission lines connecting them to the other areas allow a maximum
importation of 2*10 MW into area 2. We conclude that the amount of ME and
GME does respond well to changes of important factors like load and transmission
limits. These results also coincide with the results in [7], since generator 5 and 6
dominate the amounts of both ME and GME. We would also conclude that area
2 is most probable in being a load pocket.
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8.4.3 Testing the GME Detection Approach
In Section 8.4.1 and 8.4.2 we used the optional input variable to predefine the
groups of generators corresponding to the three different areas of the network,
since they were of interest to us. Now we shall investigate if we could have let the
surveillance tool do this job for us. To investigate this we run the surveillance tool
program and analyze the matrices it works with. In this test example we set load
in each area at 50 MW. The critical transmission line limits are both still set at
10 MVA. Each generator has a capacity of producing 60 MW.

The ME Matrix


G1 0 37.1355 30.0533 32.5365 30.5052 13.7657
G2 39.5641 0 34.5741 36.7838 35.0022 15.5125
G2 20.9608 21.7338 0 28.4423 13.8542 35.3639
G4 34.5935 35.8491 33.8774 0 26.3052 35.2219
G5 19.9913 20.2276 14.7689 15.3533 0 50.1365
G6 34.8908 35.0545 36.7268 36.8846 44.3337 0

 (8.3)

In (8.3) we are mainly interested in looking at the diagonal. This diagonal is each
generator’s ME, or remaining dispatch after they raised their own price. This can
also be observed in (8.5) where it is extracted into a more convenient form for
output. We observe that the ME matrix’s diagonal holds zeros only. This means
that no single generator is accountable for ME levels.

The C Matrix - Describing Changes in Dispatch


G1 −27.5340 9.6015 2.5193 5.0025 2.9712 −13.7683
G2 7.5348 −32.0293 2.5448 4.7545 2.9729 −16.5169
G3 7.3484 8.1215 −13.6123 14.8300 0.2419 21.7516
G4 9.0413 10.2968 8.3251 −25.5523 0.7529 9.6697
G5 3.8210 4.0573 −1.4014 −0.8171 −16.1703 33.9662
G6 −0.2110 −0.0473 1.6250 1.7828 9.2319 −35.1018

(8.4)

In (8.4) we can observe each generator’s respective change in dispatch due to the
raised prices. This matrix is used in the surveillance tool to detect the most prob-
able pairs of generators to be accountable for GME levels. We search for the
relations between columns, that was mentioned in Section 8.2.1.
By investigating this matrix we should be able to predict some of the surveillance
tool output, given in (8.6). In the first column of this matrix, we notice that
G1 looses 27.534 MWs in dispatch. The largest apparent absorber of energy in
this column is G4 who gains 9.0413 MWs in dispatch. For the group 1-4 to be
eligible for calculation of GME levels, this relation has to be valid in the reversed
manor as well, meaning G1 has to be the largest absorber of energy in column 4.
But when investigating this, we notice that in the fourth column where G4 looses
25.5523 MW in dispatch, G1 only gains 5.0025 MW, while G3 gains 14.83 MW in
dispatch. The relation was clearly not valid in the reversed manor, and the group
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of G1 and G4 is omitted from further considerations. Importantly, also the whole
first column can be omitted now, since G1 cannot be in such a relation that we
are looking for with any other generator than with G4. This also means that if G1
is the largest absorber of energy in any other column, that column can be omitted
as well. This means that the size of the problem should collapse quite fast even
though we are considering thousands of columns.
If we now instead observe the third column we see that its largest absorber is
G4, gaining 8.3251 MW in dispatch. Remembering G3 as the largest absorber in
the fourth column, the reverse relation is valid for the group of G3 and G4. The
mutual relations of efficient substitution is also valid between generators 5 and 6.
Notice that these two groups of generators also define area 3 and area 2 respec-
tively. They where also the two most dominating areas of the three when GME
was calculated in Section 8.4.1 and 8.4.2. These groups should be observable in
the output.

Surveillance Tool Output

ME =
[

0 0 0 0 0 0
]

(8.5)

GME =
[

3.0000 4.0000 0
5.0000 6.0000 30.0001

]
(8.6)

The output variable ME (8.5), shows all of the six generator’s respective ME
level. They are all zero, which means that no single generator is accounted any
ME levels. In output variable GME given in (8.6) each row represents a detected
or desired group (column 1 and 2) and its corresponding ME level (column 3).
We can observe that both group G3-G4 and G5-G6 have been detected. As we
suspected, G1-G4 for instance was not. Notice the calculated levels of Monopolistic
Energy in column three. Group G3-G4 is accounted 0 MW, and group G5-G6 is
accounted 30 MW in ME levels.
We can easily realize that these calculations are reasonable. We did choose demand
in each area to be constant at 50 MW. The capacity of each generator is 60 MW.
This means no single generator should have levels of ME, since the congestions
in the network do not separate any single generator from the others, and each
generator can fully substitute the other generator for the load within their area.
G5 and G6 however are as we know, somewhat separated from the others. The
means of importation into area 2 is restricted to a maximum of 20 MW. The
demand (50 MW) minus the power being imported (20 MW) equals 30 MW in
demand that only G5 and G6 can satisfy. Hence, GME = 30.
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8.5 The Market Simulation
This is an attempt to simulate the day-ahead market. We will observe how
amounts of ME and GME reflect the ability to raise prices over competitive levels.
Hopefully we can indicate this correlation between existing amounts of ME and
GME and Market Power. Also this is a proposal on how one could implement the
surveillance tool for automatic surveillance in a real market situation. As we men-
tioned before ME levels can be calculated in real-time and/or in advance, based
on the offers submitted to the day-ahead market and the estimated load of the
next day. The market consists of:

• 6 generators handing in 3 block offers on the day-ahead market.

• 20 loads with changing demand throughout the day.

• An ISO collecting offers, calculating the market prices and optimal assigna-
tion of dispatch using AC power flow model.

• The Surveillance tool calculating ME and detecting groups with GME

The program’s main file Market_Simulation.m can be viewed in Appendix E.1. It
loops the following sequence in Figure 8.7.

Figure 8.7. Main program loop.

Calculating the System Load

The day is divided into 96 data points. This means that the ISO will clear the
market for every 15 minutes of the day. We use data from the New York ISO’s
website to define the shape of the load. At the NYISO website, historical load-
data is available for 12 different areas. We interpolate these numbers and normalize
them with their respective peak load value. This gives us different load shapes
for all three areas, with peak value 1, described by 96 data points to freely work
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with. We multiply all values by 70 to establish a peak-load of approximately 210
MW at 5-6 pm. We also distort every load curve randomly with less than 3%
of its original value. The undistorted version is now the estimated load, and the
distorted will be used as the real-time load. The resulting total load of the system
is given in Figure 8.8. The code that calculates this is given in Appendix E.1.2.

Figure 8.8. The total load of the system.

8.5.1 Assumptions, Preparations, Suspicions and Decisions
The Simulation Approach

We know of two ways in that a generator can exploit market power on the day-
ahead market. First the obvious one, by simply raising their prices for all their
offered amount of energy. Second by withholding amounts of cheaper energy to
get more expensive blocks dispatched. This is called economical and physical
withholding. We will simulate the day-ahead market, letting 6 generators hand
in 3 block offers each. However, if a certain generator is able to raise the market
price by strategically choosing block offers on the day-ahead, this entity or some
other entity located in that same location should be considered having similar
advantages on the real-time market. Especially, if the load prediction error is
large, e.g., due to of unusually high demand.

The Inelastic Demand

We make the assumption of having a totally inelastic demand. With this assump-
tion we suspect that if one generator has any amount of ME and if it sets a price
much higher than the others on all of its energy offered, the resulting amount of
dispatch for that entity will be similar to the calculated ME. We also suspect that



84 Simulation - Application and Evaluation of the Approach

two generators identified as a group with a corresponding GME level, will yield
similar results in an analogous way.

The Block Offers

We let each generator offer a certain amount of energy at a competitive price.
These piecewise linear block offers represent the marginal cost function for a gen-
erator. We assume all six generators have similar fuel costs and therefore similar
offers. We will let area 2 manipulate the market by withholding offered energy
from cheaper blocks, while setting their last block at a much higher price than the
competitive. We suspect that if the amount of cheap energy offered is less than
that group’s amount of monopolistic energy, the expensive block will be dispatched
causing inflated prices on the market.

The Capacity, Load and Network

All generators will offer a capacity of 60 MW each, 20 MW per block. The peak
load in each area is set at 70 MW, but they might not peak at the same time since
we have used a different load shapes for each area. The demand is evenly spread
among the buses with load in each area. There are 20 different buses that have
loads, market as arrows pointing downwards in Figure 8.2. The same constricting
configuration of the transmission lines connecting bus 4 with 12 and bus 23 with
24 is used, 10 MVA each.

The ISO

We simulate the market time from 00:00 to 23:45, since it corresponds to the shape
of the load curve. Every 15 minutes a full AC-OPF is run yielding the currently
valid LMPs and an optimal assignation of power generation. Notice that ramp
rates and costs for shutting down or starting up a generator are not accounted for
in these simulations. This means the ISO is able to turn generators on and off at
any time which could cause fast variations in generation. This however does not
impact on the results we are pursuing.

The Simulations

Simulation I: Calculating ME and GME.
Simulation II: Area 2 will offer 60 MW of cheap energy and 60 MW expensive.
Simulation III: Area 2 will offer 40 MW of cheap energy and 80 MW expensive.
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8.5.2 Simulation I - Calculating ME and GME
Here we are using the estimated load curve to calculate where ME-levels are located
in the network. Will will also show how these levels tend to change throughout
the day. The block offers below can be interpreted like this: G1 offers 20 MW at
$20, then a second block at $35 and its last block of 20 MW is sold at $ 45. Note
that the results from the surveillance tool output is not dependent on the block
offer prices. Only offered capacity has impact on calculated ME and GME levels.

Block offers
G1 : MW[20 20 20] for $[20 35 45]
G2 : MW[20 20 20] for $[25 32 50]
G3 : MW[20 20 20] for $[22 30 47]
G4 : MW[20 20 20] for $[30 35 50]
G5 : MW[20 20 20] for $[20 35 49]
G6 : MW[20 20 20] for $[25 33 51]

Monopolistic Energy levels

Figure 8.9. No generator has ME except generator 6, as observed in the second figure.
The amount peaks at 4.012 MW at 17.15, during peak hours. Theoretically this should
mean that during a period of time, roughly from 17-20 in the evening, generator 6 could
have demanded any price on less than 3 MW.
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Group Monopolistic Energy levels

Figure 8.10. All areas have some GME during some part of the day. Area 1 and 3 peak
at 4.502 MW and 17.7 MW respectively. But area 2 has GME > 25 MW, the whole day.
The amount peaks during peak load at 17.15 in area 2 at 51.38 MW. The plot indicates
that if G5 and G6 were working together, they could together demand any price on over
40 MW during most part of the day.

Comments Simulation I:

The Figures 8.9 and 8.10 are very important. They will be of interest in all simu-
lations that follow. The amount of GME for area 2 peaking at an amount around
50 MW makes sense, because the total demand in area 2 peaks around 70 MW
and the maximum amount of importable energy is 20 MW. 70 MW - 20 MW =
50 MW. Some interesting numbers appear when we calculate the area, which unit
is MWh, under each respective curve of GME and ME. This gives a nice measure
on how established each group’s ME is, throughout the day. Suppliers of energy
get paid in units of MWh. An idea might be to use these values in a calculation
of an index. They could be used as non-competitive market shares in calcula-
tions of an index similar to the index HHI introduced in Equation 5.1, here called
HHIGME . All these values are given below, along with each respective peak value:

Area 1: GMEpeak = 4.502 MW,
∫ 24
0 GME = 365 MWh, HHIGME = 0.35

Area 2: GMEpeak = 51.38 MW,
∫ 24
0 GME = 56653 MWh, HHIGME = 8339

Area 3: GMEpeak = 17.70 MW,
∫ 24
0 GME = 5020 MWh, HHIGME = 65

Gen. 6: MEpeak = 4.012 MW,
∫ 24
0 ME = 477 MWh
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8.5.3 Simulation II - Area 2 withholds 20 MW
Here we let the generators located in area 2 raise their price on their last offered
block. In addition to this we move 10 MW from each generator’s first block to
this more expensive block. The resulting block offers are shown below:

Block offers
G1 : MW[20 20 20] for $[20 35 45]
G2 : MW[20 20 20] for $[25 32 50]
G3 : MW[20 20 20] for $[22 30 47]
G4 : MW[20 20 20] for $[30 35 50]
G5 : MW[10 20 30] for $[20 35 400]
G6 : MW[10 20 30] for $[25 33 400]

SIM II - Scheduled Generation in each Area

Figure 8.11. Notice how flat area 2’s production is during peak hour. The peak
production is exactly 60 MW in area 2. 60 MW is also the exact amount of cheap energy
offered by the two generators. The ISO is clearly avoiding using further generation from
this area.
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SIM II - Locational Marginal Prices

Figure 8.12. There are two graphs in each of the three plots. They represent the prices
in the buses where the generators are located. Prices are elevated during peak load, while
area 2’s cheap blocks are fully dispatch.

Comments Simulation II:

Since generators 5 and 6 have their cheap blocks fully dispatched, the next MW of
energy bought in their respective buses, will partially have to be taken from their
expensive $400 block which means that the LMP is a lot higher in area 2 during
peak hours. Generator 6 peaks at approximately $102/MWh and generator 5 at
$78/MWh. This indicates that generator 5 is somewhat easier to substitute still
than generator 6, which also was indicated by the fact the generator 6 had ME
levels on its own during this same interval in time. Area 1 is still selling energy at
$36/MWh during peak hours, while the last block in area 3 has been dispatched
during peak hours. This simulation indicates that the group in area 2 is able to
raise prices above the competitive level. In our next simulation we will investigate
if this group is able to raise and keep prices above the competitive level, which
by definition would mean that they have market power.
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8.5.4 Simulation III - Area 2 withholds 40 MW
We now move 10 MWs from the second block to the expensive last block. This
means they are now only offering 40 MW cheap energy. We know demand will
be more than 40 MW during most of the day. If our suspicious are correct this
would mean that the generation produced in area 2 will coincide with area 2’s
GME levels as soon as demand passes the 40 MW limit. But the optimal dispatch
is calculated with the AC power flow model, and the surveillance tool uses the
DC model, which should create a similar difference as mentioned in Chapter 7.
Generation and real-time calculations of GME levels are shown in Figure 8.13.
The block offers for simulation III is shown below:

Block offers
G1 : MW[20 20 20] for $[20 35 45]
G2 : MW[20 20 20] for $[25 32 50]
G3 : MW[20 20 20] for $[22 30 47]
G4 : MW[20 20 20] for $[30 35 50]
G5 : MW[10 10 40] for $[20 35 400]
G6 : MW[10 10 40] for $[25 33 400]

SIM III - Area 2 Generation vs GME

Figure 8.13. The upper, dotted graph is the total scheduled generation in area 2. The
middle, fully drawn graph is area 2’s calculated GME level. The lower, dotted graph is
the difference between the other two.
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SIM III - Locational Marginal Prices

Figure 8.14. Energy prices in area 2 are now extremely high and persistent. From
6.30 in the morning till 21.30 in the evening, one MWh costs $400 in the bus where G6
is located. The bus where G5 is located is strictly above 300$/MWh in this same time
frame .

Comments Simulation III:

In Figure 8.13 we can observe the generation graph being strictly greater than the
GME graph. This effect has been recognized in Section 7.2.2. At 5.15 in the morn-
ing, the generation graph flattens because the cheap blocks are fully dispatched,
as it did during peak load in simulation II. The flat shape can be understood,
when realizing that during this period in time while the load is increasing in area
2, importation of cheap energy is still possible over the two constricted lines. We
observe that at 6.15 am the load in area 2 is 59.98 MW and increasing, while at
9.30 pm the load is 60.78 MW and decreasing. The amount of cheap offered energy
in this simulation is now down to 40 MW. 20 MW more can be imported but after
that the ISO has no choice but to dispatch the expensive blocks. This effect can be
observed in Figure 8.14 where the prices, for energy from the bus where generator
6 is located, have increased to $400/MWh at 6.30 am. Notice that the lower graph
of the two in Figure 8.14 is the LMP in the bus where generator 5 is located. It
reaches a price of $400/MWh only in one datapoint, which means its last block is
never dispatched except in this point. But due to the strict substitution between
these two generators, its calculated LMP stays above $300/MWh throughout the
time frame that generator 6’s last block is dispatched. The important thing to
notice in Figure 8.13 is how closely the GME graph and generation curve follow
one another. Clearly the calculations of GME levels can indicate how much cheap
capacity has to be offered in order to keep prices at a competitive level.
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8.5.5 Conclusion from Simulation I ,II and III
Our objectives with this simulation have been met.

1. The Surveillance Tool was successfully implemented to perform automatic
monitoring of a simulated market, which also was successfully implemented.

2. Monopolistic Energy and Groups Monopolistic Energy levels have a very
close relation to market power.

3. We could observe a strong correlation with a group’s GME level and its
ability to impact prices on the market. A group’s ability to raise prices per-
sistently was shown to be strongly correlated with that group’s persistency
and level of Monopolistic Energy.

4. The GME detection approach where interesting groups automatically where
detected was successfully implemented and tested.

While working with these simulations, hundreds of similar runs were made. These
other simulations were performed with the same objectives as these three. We
have studied: all different areas, every single generator and many different load
shapes and load values. For obvious reasons we cannot include them all in this
thesis. Mentionable though, is that they all concurred with the conclusions we
could make from the few that we have included. The market was cleared using
using the AC model and it was monitored by the automatic surveillance tool using
the DC model. This did not cause the surveillance output to be faulty, merely
scaled in a way that could be compensated for if it was proven to be the only side
effect when larger systems are considered.





Chapter 9

Conclusions and Future
Work

The core for this thesis arose through studying the idea about equalizing potential
market power with the ability to raise prices without losing dispatch. We adopted
this idea from the authors of the M matrix. We neglected losses and complex AC
power flows, and focused on market power caused by congestions. The result is
called Monopolistic Energy calculations. The approach not only returns the con-
stellation of groups and locations susceptible to market power, it also gives a very
informative measurement on the extent and severity of this non-substitutability.
And all this information can be obtained ahead of time, before the market has
opened.

Monopolistic energy levels indicate where market power is probable, and how
severely it may be exploited. The correlation between price elevations, offered
capacities, load and precalculated levels of monopolistic energy levels were consid-
erable. Due to the size of our network that was used, the results were fairly easy
to predict. But this might not be the case for larger systems. How well the theory
works in larger networks is considered future work.

We conclude that the DC power flow model worked satisfactory for calculation
of ME levels. The gain in speed when using this model was considerable in our
case. One single OPF run, using the DC model, was about 100 times faster than
when we used the AC model. These differences in computation times do not nec-
essarily apply to larger systems and the commercial optimization tools applied in
those cases. But according to experts at ABB there is a difference measurable in
minutes. Another beneficial aspect of this approach is that use of the DC-OPF
seems to be customary in commercial OPF packages, which is convenient, in case
the approach was to be tested for larger systems. If computation times would be
too large for use on the real-time market, we have still shown how the approach
could be applied on the day-ahead market.
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Another way that surely would mitigate the problems caused by computation
times, is if historical data can be used in determining certain areas or companies
of special interest. The approach has the benefit of being applicable on such a part
of the network, while impact on the rest of the network still will be considered. If
there are specific areas in a larger network, that are known for having high prices
or a known congestive history, this area can be investigated separately. If historical
data like this exists and can be used in this purpose is considered future work. An
indication of this however is given by that the Constraint Competitiveness Test
(CCT) introduced in Section 5.3 stores historical data in a way that might be
useful for this purpose.

Unit commitment has not been studied thoroughly by us, but we understand
the basic aspects of it. The unit commitment is done each day to minimize the
total cost for energy for the whole day, not just in any given moment in time,
which is the case for the optimization problems we have addressed. This means
that many other factors like ramp rates for generators become part of the problem,
when deciding who should produce what during which period in time. When such a
problem is solved for the day-ahead market, this solution will have a direct impact
on the competitiveness of the next day’s following real-time market. It should be
possible to add the calculation of ME levels to the solution of a unit commitment
problem. This would indicate where problematic areas could arise as a direct cause
of this solution. If optimum for a unit commitment problem is degenerate, there
may be a solution with the same cost that in addition also mitigates the real-time
market and makes it more competitive. Maybe there might even be some cases
where a more expensive solution to the unit commitment problem is preferable,
if the optimal solution would implicate extremely uncompetitive situations on the
real-time market.
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Appendix A

The Q algorithm

A.1 Q algorithm - Nomenclature

Given a network with m nodes and k transmission lines, when a first dispatch
problem (optimal assignation of produced energy), with given loads and regular
block offers, has been solved, from now on called LP1, the number of nodes with
marginally dispatched generators is d.

Symbol

λ
λ∗

λ∗d
∆λ
∆λi
λ∗dp
P
P ∗

Pd
Pfix
P ∗dp
∆P
PD
PLoss
S
Sd
b
Q
J

Explanation

Generator block offers, Prices for energy
Locational Marginal Prices from solution to LP1
Offers corresponding to marginal generators

Perturbation vector, [0 0 . ∆λi . . 0]
The i:th generator’s perturbation parameter

Perturbed λ∗d vector, λ∗dp = λ∗d + ∆λ
Real power injections

Optimal dispatch from solution to LP1
Injections from marginal generators
Injections from fixed generators

Dispatch due to perturbation of λ∗, same gen. as in Pd
Vector of change in dispatch, ∆P = P ∗dp − Pd

Negative injections, Demand, Load
Transmission losses

Shift factor matrix, translates injections to line flows
Columns of S corresponding to Pd
Vector of transmission flow limits

The desired Q matrix
Set of interesting generators, subset of generators in Pd

Data structure

[1,m]
[1,m]
[1,d]
[1,d]
scalar
[1,d]
[1,m]
[1,m]
[1,d]

[1,m - d]
[1, d]
[1,d]
[1,m]
f(P )
[k,m]
[k,d]
[k,1]
[d,d]
set
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A.2 The Idea, Q Algorithm in Words
The starting point is a solution to a DC-OPF problem which gives us a LMP vec-
tor λ∗ and a vector of optimal assignation of generation P ∗. Then we group the
generators that are looked upon as fixed. Fixed due to contractual commitment or
working at a maximum or minimum operating level. The values of the quadratic
matrix Q are obtained numerically by repeatedly solving DC-OPFs while perturb-
ing the cost vector in an appropriate way, λ∗p = λ∗d + [0 0 . . ∆λi . . 0]. Either
the Q matrix is calculated for all the marginal generators in the system or a sub-
matrix Qsub is calculated for a smaller set of generators. The group of interesting
generators define the set J . If the numbers of interesting generators part of J are
d, this algorithm will loop d times, and d+ 1 LP problems will have to be solved.
Each loop of the algorithm generates a new column in the Q matrix. Before we
go through the steps of the algorithm we have to define the maximum limit of
perturbation ∆λmax.

A.3 The ∆λ Perturbation Limit
Choosing ∆λi has to be done in advance after that the operating point has been
established from the solution of LP1. We want to perturb in the vicinity of this
point. In order to approximate the M matrix correctly we need to make sure that
no new binding constraints are introduced due to the perturbation. To accomplish
this we have to define a maximum level of perturbation, ∆λmax. To address this
we consider a general linear optimization problem formulation like the following:

minimize
P

λTP

subject to Ax = b

Pmin ≤ P ≤ Pmax
0 ≤ xslack

(A.1)

• λ is the cost

• x is generation and slack variables, x = [P , xslack]

• A is the matrix defining the equations of power balance and power flow

• b are the enforced limits

• Pmin and Pmax are the generation operating limits

This LP problem can be solved using the recognized simplex method. The
method principle is that given a linear cost function and linear constraints, the
solution will always be found in a corner of the polyhedron defined by the con-
straints. The method suggests choosing a base matrix B of full rank, a sub matrix
of A. Each base will represent a different corner of the polyhedron. Changing the
base is equivalent to moving from one corner of the polyhedron to another. Calcu-
lating the cost of this change enables the algorithm to choose the most profitable
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way. The iteration stops when no base changes can be made to further decrease
the cost. Therefore the current corner is also the optimum solution to the problem.
For the initial tableau the A matrix can be partitioned like this:

A =
[
B N1 N2

]
(A.2)

B is the base matrix. The columns of B correspond to the basic variables xB . N1
corresponds to the non basic variables that are bound at their lower limits. N2
corresponds to the non basic variables bound at their upper limits. The vector x
is partitioned in the similar way:[

xB xN1 xN2
]

(A.3)

To fit this partition, the cost vector is also partitioned resulting in the following
initial tableau: [

A B
λT 0

]
=
[
B N1 N2 b
λTB λTN1 λTN2 0

]
(A.4)

When optimum is reached each generator will be fully dispatched, partially
dispatched or dispatched at a minimum operating level. The shadow prices for
these generators can be divided into three groups.

• The shadow price µj for a minimally dispatched generator: µj ≥ LMP

• The shadow price µj for a fully dispatched generator: µj ≤ LMP

• The shadow price µj for partially dispatched generator: µj = LMP

µj = λTBB
−1aj , where aj is the corresponding column of A. Therefore optimum is

reached when the reduced costs satisfy the following constraints A.5 - A.7.

rN1 = λTN1 − λTBB−1N1 ≤ 0 (A.5)
rN2 = λTN2 − λTBB−1N2 ≥ 0 (A.6)

rB = λTB − λTBB−1B = 0 (A.7)

If the perturbation does not violate these constraints it guarantees that we
are still in optimum with the same base. The marginal generators are also the
base variables in the solution. Optimality after perturbation is guaranteed if the
constraints A.8 - A.9 below are satisfied.

rN1 −∆λTBiB−1N1 ≥ 0 (A.8)
rN2 −∆λTBiB−1N2 ≤ 0 (A.9)

where ∆λTBi = [0 . . 0 ∆λi 0 . . 0], if the i:th generator’s offer is increased by
∆λi. We define the vectors αi and βi as the ith row of B−1N1 and B−1N2
respectively. This means:

∆λTBiB−1N1 = ∆λiαi (A.10)
∆λTBiB−1N2 = ∆λiβi (A.11)
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To be able to express the most restrictive optimality constraints we define αmax
and βmin as:

αmax = max{αi},∀i ∈ J (A.12)
βmin = min{βi},∀i ∈ J (A.13)

where J is the set of variables that define B. This enables us to express the most
restrictive optimality constraints in terms of αmax and βmin.

∆λBαmax ≤ λTN1 − λTBB−1N1 (A.14)
∆λBβmin ≥ λTN2 − λTBB−1N2 (A.15)

Conclusively we can summarize the maximum perturbation allowed by:

∆λIB = min{λ
T
N1 − λTBB−1N1

αmax
} (A.16)

∆λIIB = min{λ
T
N2 − λTBB−1N2

βmin
} (A.17)

∆λmax = min{∆λI
B,∆λII

B} (A.18)

A.4 The 7 Step Algorithm
1. Solve the regular DC-OPF with linear block offers.

minimize
P

λTP

subject to
∑

P =
∑

PD + PLoss

SP ≤ b′

Pmin ≤ P ≤ Pmax

(A.19)

where b′ = b+ SPD

Yields: λ∗, P ∗

2. Regroup the marginal generators Pd in the formulation of the problem. De-
fine a matrix Sd accordingly, comprised by the columns of the S matrix that
corresponds to Pd. Calculate ∆λmax according to Section A.3. Set iteration
variable i = 1 or i = J(1) (First element in subset J if submatrix is wanted).

• Pd : Vector of marginally dispatched generators
• Pfix : Vector of all other generators than Pd, {Pfix, Pd} = {P}
• λ∗d : LMPs corresponding to Pd, {λ∗fix, λ∗d} = {λ∗}
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• Sd : columns of S corresponding to Pd, {Sfix, Sd} = {S}

3. Perturb the ith element of the λ∗d vector.

λ∗dp = λ∗ + ∆λ
∆λi ≤ ∆λmax

4. Solve the reduced LP problem.

minimize
Pdp

λ∗Tdp Pdp

subject to
∑

Pdp =
∑

PD + PLoss

SdPdp ≤ b′′
(A.20)

where b′′ = b′ − SfixPfix

Yields: P ∗dp = Pd + ∆P

5. Calculate the ith column of the partial Q matrix.

Q(:, i) = ∆P/∆λi

6. If Q is quadratic we are done.
If submatrix is wanted, go to step 7.
Otherwise perturb the next element in λ∗, i = i+ 1, return to step 3.

7. If all bids relating to generators part of J have been perturbed we are done.
Extract all rows of the partial Q matrix that represent generators part of J.

Qsub = Qij ,∀i,∀j ∈ J , Qsub is quadratic.

Otherwise perturb next element in λ∗, i = J (i + 1), return to step 3.



Appendix B

Newton-Raphson’s Method

Suppose we wish to solve:
f(x) = 0 (B.1)

In Newton-Raphson’s method, we pick a starting value x and call it x0. This
gives us

f(x0) + ε = 0

where ε is the error difference between 0 and f(x0). In order to solve Equation
B.1 we need to drive the error term to zero. This is done by the use of a Taylor
expansion of the function f(x) around x0,

f(x) = f(x0 + ∆x0) = f(x0) + J(x0)∆x0 + ε = 0 (B.2)

where J(x) = ∂f

∂x is the square Jacobian matrix of f(x).
By setting the error to zero, we calculate the value ∆x0 which makes f(x0 +

∆x0) = f(x1) = 0. Hence, B.2 becomes:

f(x0) + J(x0)∆x0 = 0⇒ ∆x0 = −J(x0)−1f(x0) (B.3)

The algorithm is solved iteratively, and at each iteration, the nonlinear problem
is approximated by a linear matrix equation. With a good initial estimate and a
well behaved function f(x), the method converges very rapidly.

B.1 The Jacobian in the NR Power Flow Method
In the Newton Raphson power flow model, the two variables are θk and |Ek|.
Together with the load flow equations described in Section 4.1.1, we have an equal
set of variables and equations. Equation B.3 then becomes:
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0 =

 ∆P
. . .
∆Q

−
 A

... B
. . . . . . . . .

C
... D


 ∆θ

. . .
∆|E|
|E|

 (B.4)

where the elements in the Jacobian are given by,

Aik = −∂Pi∂θk

Bik = −|Ek| ∂Pi∂|Ek|

Cik = −∂Qi∂θi

Dik = −|Ek| ∂Qi∂|Ek|

These elements are calculated using Equation 4.6. The division of each ∆|Ei|
by |Ei| does not numerically affect the algorithm, but simplifies some of the Ja-
cobian matrix terms. Normally, there is only a few percent of the entries in the
Jacobian that are nonzero. By taking advantage of the sparsity of the matrix while
performing the NR-method, programs are usually successful in solving AC power
flows. Then, the procedure uses Gaussian elimination on the Jacobian matrix
rather than calculating J−1 explicitly.



Appendix C

Implementation of CCT

C.1 Import Side ECI
1. Determine all shift factors relative to import bus.

2. Determine effective load on the export side.

3. Determine effective capacity needed to meet the load determined in 2 and
to supply power over the constraint (the flow limit).

(a) Multiply all available capacities with corresponding shift factor. If a
shift factor is less than 1/3 of the highest shift factor value the corre-
sponding effective capacity is neglected.

(b) Order these effective capacities in descending shift factor order.
(c) Add these capacities in descending order until effective load plus the

flow limit on the constraint have been met. The used capacities shall
not be considered available capacity to resolve the constraint on the
import side, which is done in 4-5.

4. Determine shift factors relative to export bus.

5. Determine the effective capacity to resolve the constraint on the import
side. Calculate ECI index analogous with the HHI index where the sum of
the capacities in 5 are the total market and the individual values are market
shares.

C.2 Export side ECI
1. Determine all shift factors relative to export bus.

2. Determine effective load on the import side

3. Determine effective capacity needed to meet the load determined in 2 minus
the power supplied over the constraint (the flow limit)
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(a) Multiply all available capacities with corresponding shift factor. If shift
factors is less than 1/3 the corresponding capacity is neglected.

(b) Order these effective capacities in descending shift factor order.
(c) Add these capacities in descending order until effective load minus the

flow limit on the constraint. The used capacities shall not be considered
available capacity to resolve the constraint on the export side, which is
done in 4-5.

4. Determine shift factors relative to import bus.

5. Determine the effective capacity to resolve the constraint on the export side.
Calculate ECI index analogous with the HHI index where the sum of the
capacities in 5 are the total market and the individual values are market
shares.

C.3 Pivotal Player
1. Determine the shift factors relative to import bus.

2. eliminate all available capacity on the import side. Given the total load
of export and import, add capacity starting with the import side until the
added capacity equals the total load. If this is doable without violation of
the flow limit on the constraint there is no pivotal player.

3. The line is competitive if it passes both ECI and Pivotal Player tests.



Appendix D

Matlab code Simulation -
Power Flow Model
Comparison

D.0.1 Monopolistic_energy_calculation.m

1 clc,clear all;
2

3 % The simulation in DC
4

5 mkt.OPF='DC';
6 mkt.auction_type=1; %LAO is the market type used
7

8

9 %Supply offers, quantity
10 offers.P.qty=[ 60
11 60
12 60
13 60
14 60
15 60];
16 %Supply offers, prices
17 offers.P.prc=[ 50
18 50
19 50
20 50
21 50
22 50];
23

24 %Demand bids , quantity
25 bids.P.qty=[50/5
26 50/5
27 50/5
28 50/5
29 50/5
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30 85/9*ones(9,1)
31 60/6
32 60/6
33 60/6
34 60/6
35 60/6
36 60/6];
37

38 %Demand bids , prices
39 bids.P.prc=100*ones(20,1);
40

41 %We compute the operating point for this auction
42 mpopt = mpoption('OUT_ALL',0);
43 [mpc_out, co, cb, f, dispatch, success, et]=
44 runmarket('t_auction_case2.m', offers,bids, mkt);
45

46 Offers=offers.P.prc;
47

48 %LMPs/nodal prices
49 lambda_star=co.P.prc
50

51 %Scheduled dispatch
52 P_star=co.P.qty
53

54

55

56 %We simulate a price increase and investigate
57 %the corresponding dispatch
58

59 %generator offers are set equal to the initial LMPs
60 offers.P.prc=lambda_star;
61

62 %The generators raise their offers twice,
63 %first they raise the offer with $1 and then they raise it for $30
64 for delta_lambda=[1 30];
65

66 ME_DC=[];
67 for i=1:6
68

69 %Generator i raises his offer−price with an
70 %amount delta_lambda.
71 offers.P.prc(i)=offers.P.prc(i)+delta_lambda;
72

73 mpopt = mpoption('OUT_ALL',0);
74 [mpc_out, co, cb, f, dispatch, success, et]=
75 runmarket('t_auction_case2.m', offers,bids, mkt);
76

77 %Corresponding schedualed dispatch
78 P_perturbed=co.P.qty;
79

80 %Sceduled dispatch saved in a matrix
81 ME_DC=[ME_DC,P_perturbed];
82

83 %Offers are again set equal to the original nodal prices
84 offers.P.prc=lambda_star;
85 end
86 ME_DC
87 end
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88

89

90 % We simulate a stepwise price−raise from each and one of the suppliers.
91 % The price−raise is relative the nodal prices given initially.
92

93 QQ=[];
94 PPO=[];
95 for i =1:6
96

97 %initial dispatch
98 Q=[P_star];
99

100 %initial offer−price
101 PO=[Offers(i)];
102 for j=0.1:1:30.1
103 P_star_perturbed = [];
104

105 %A price change of magnitude j of the i:th generator.
106 offers.P.prc(i) = lambda_star(i) + j;
107

108 mpopt = mpoption('OUT_ALL',0);
109 [mpc_out, co, cb, f, dispatch, success, et]=
110 runmarket('t_auction_case2.m', offers,bids, mkt);
111

112 %Scheduled dispatch given a price−raise from generator i.
113 P_star_perturbed = co.P.qty;
114

115 %Offer−prices saved for future plots
116 PO=[PO;offers.P.prc(i)];
117

118 %Scheduled dispatch saved for future plots
119 Q=[Q,P_star_perturbed];
120 end
121 QQ=[QQ;Q];
122 PPO=[PPO,PO];
123 end
124

125

126

127

128 %Plots that show the relation between a price−raise and dispatch
129 figure(1)
130 for i=0:5
131 subplot(6,6,1+i*6)
132 plot(PPO(:,1),QQ(i+1,:)), hold on
133 if i==5
134 xlabel('Gen.1−off')
135 end
136 if i==0
137 ylabel('dispatch [MW]')
138 else
139 ylabel('disp.')
140 end
141 title(['Gen.' int2str(i+1)])
142

143 axis([30 90 0 85])
144 end
145



111

146 figure(1)
147 for i=0:5
148 subplot(6,6,2+i*6)
149 plot(PPO(:,1), QQ(i+7,:)), hold on
150 if i==5
151 xlabel('Gen.2−off')
152 end
153

154 title(['Gen.' int2str(i+1)])
155 axis([30 90 0 85])
156 end
157

158 figure(1)
159 for i=0:5
160 subplot(6,6,3+i*6)
161 plot(PPO(:,1), QQ(i+13,:)), hold on
162 if i==5
163 xlabel('Gen.3−off')
164 end
165

166 title(['Gen.' int2str(i+1)])
167 axis([30 90 0 85])
168 end
169

170 figure(1)
171 for i=0:5
172 subplot(6,6,4+i*6)
173 plot(PPO(:,1), QQ(i+19,:)),hold on
174 if i==5
175 xlabel('Gen.4−off')
176 end
177

178 title(['Gen.' int2str(i+1)])
179 axis([30 90 0 85])
180 end
181

182 figure(1)
183 for i=0:5
184 subplot(6,6,5+i*6)
185 plot(PPO(:,1), QQ(i+25,:)), hold on
186 if i==5
187 xlabel('Gen.5−off')
188 end
189

190 title(['Gen.' int2str(i+1)])
191 axis([30 90 0 85])
192 end
193

194 figure(1)
195 for i=0:5
196 subplot(6,6,6+i*6)
197 plot(PPO(:,1), QQ(i+31,:)), hold on
198 if i==5
199 xlabel('Gen.6−offer [$/MW]')
200 end
201

202 title(['Gen.' int2str(i+1)])
203 axis([30 90 0 85])
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204 end
205

206

207

208

209

210 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
211 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
212

213 clc,clear all;
214

215 %The simulation in AC
216

217 mkt.OPF='AC';
218 mkt.auction_type=1; %LAO is the market type
219

220

221 %Supply offers, quantity
222 offers.P.qty=[ 60
223 60
224 60
225 60
226 60
227 60];
228 %Supply offers, prices
229 offers.P.prc=[ 50
230 50
231 50
232 50
233 50
234 50];
235

236 %Demand bids , quantity
237 bids.P.qty=[50/5
238 50/5
239 50/5
240 50/5
241 50/5
242 85/9*ones(9,1)
243 60/6
244 60/6
245 60/6
246 60/6
247 60/6
248 60/6];
249

250 %Demand bids , prices
251 bids.P.prc=100*ones(20,1);
252

253 %We compute the operating point for this auction
254 mpopt = mpoption('OUT_ALL',0);
255 [mpc_out, co, cb, f, dispatch, success, et]=
256 runmarket('t_auction_case2.m', offers,bids, mkt);
257

258 Offers=offers.P.prc;
259

260 %LMPs/nodal prices
261 lambda_star=co.P.prc
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262

263 %Scheduled dispatch
264 P_star=co.P.qty
265

266

267

268 %We simulate a price increase and investigate the corresponding dispatch
269

270 %generator offers are set equal to the initial LMPs
271 offers.P.prc=lambda_star;
272

273 %The generators raise their offers twice,
274 %first they raise the offer with $1 and then they raise it for $30
275 for delta_lambda=[1 30];
276

277 ME_AC=[];
278 for i=1:6
279

280 %Generator i raises his offer−price with an amount delta_lambda.
281 offers.P.prc(i)=offers.P.prc(i)+delta_lambda;
282

283 mpopt = mpoption('OUT_ALL',0);
284 [mpc_out, co, cb, f, dispatch, success, et]=
285 runmarket('t_auction_case2.m', offers,bids, mkt);
286

287 %Corresponding scheduled dispatch
288 P_perturbed=co.P.qty;
289

290 %Scheduled dispatch saved in a matrix
291 ME_AC=[ME_AC,P_perturbed];
292

293 %Offers are again set equal to the original nodal prices
294 offers.P.prc=lambda_star;
295 end
296 ME_AC
297 end
298

299

300 % We simulate a stepwise price−raise from each and one of the suppliers.
301 % The price−raise is relative the nodal prices given initially.
302

303 QQ=[];
304 PPO=[];
305 for i =1:6
306

307 %initial dispatch
308 Q=[P_star];
309

310 %initial offer−price
311 PO=[Offers(i)];
312 for j=0.1:1:30.1
313 P_star_perturbed = [];
314

315 %A price change of magnitude j of the i:th generator.
316 offers.P.prc(i) = lambda_star(i) + j;
317

318 mpopt = mpoption('OUT_ALL',0);
319 [mpc_out, co, cb, f, dispatch, success, et]=
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320 runmarket('t_auction_case2.m', offers,bids, mkt);
321

322 %Scheduled dispatch given a price−raise from generator i.
323 P_star_perturbed = co.P.qty;
324

325 %Offer−prices saved for future plots
326 PO=[PO;offers.P.prc(i)];
327

328 %Scheduled dispatch saved for future plots
329 Q=[Q,P_star_perturbed];
330 end
331 QQ=[QQ;Q];
332 PPO=[PPO,PO];
333 end
334

335

336

337

338 %Plots that show the relation between a price−raise and dispatch
339 figure(1)
340 for i=0:5
341 subplot(6,6,1+i*6)
342 plot(PPO(:,1),QQ(i+1,:)), hold on
343 if i==5
344 xlabel('Gen.1−off')
345 end
346 if i==0
347 ylabel('dispatch [MW]')
348 else
349 ylabel('disp.')
350 end
351 title(['Gen.' int2str(i+1)])
352

353 axis([30 90 0 85])
354 end
355

356 figure(1)
357 for i=0:5
358 subplot(6,6,2+i*6)
359 plot(PPO(:,1), QQ(i+7,:)), hold on
360 if i==5
361 xlabel('Gen.2−off')
362 end
363

364 title(['Gen.' int2str(i+1)])
365 axis([30 90 0 85])
366 end
367

368 figure(1)
369 for i=0:5
370 subplot(6,6,3+i*6)
371 plot(PPO(:,1), QQ(i+13,:)), hold on
372 if i==5
373 xlabel('Gen.3−off')
374 end
375

376 title(['Gen.' int2str(i+1)])
377 axis([30 90 0 85])
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378 end
379

380 figure(1)
381 for i=0:5
382 subplot(6,6,4+i*6)
383 plot(PPO(:,1), QQ(i+19,:)),hold on
384 if i==5
385 xlabel('Gen.4−off')
386 end
387

388 title(['Gen.' int2str(i+1)])
389 axis([30 90 0 85])
390 end
391

392 figure(1)
393 for i=0:5
394 subplot(6,6,5+i*6)
395 plot(PPO(:,1), QQ(i+25,:)), hold on
396 if i==5
397 xlabel('Gen.5−off')
398 end
399

400 title(['Gen.' int2str(i+1)])
401 axis([30 90 0 85])
402 end
403

404 figure(1)
405 for i=0:5
406 subplot(6,6,6+i*6)
407 plot(PPO(:,1), QQ(i+31,:)), hold on
408 if i==5
409 xlabel('Gen.6−offer [$/MW]')
410 end
411

412 title(['Gen.' int2str(i+1)])
413 axis([30 90 0 85])
414 end

D.0.2 t_auction_case.m

1 function [baseMVA, bus, gen, branch, areas, gencost] = t_auction_case
2 %T_AUCTION_CASE Power flow data for testing auction code.
3

4

5 % MATPOWER
6 % Id : tauctioncase.m, v1.42006/07/1415 : 12 : 37rayExp
7

8 %%−−−−− Power Flow Data −−−−−%%
9 baseMVA = 100.0;

10 bus = [
11 1 3 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.9500;
12 2 2 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.1 0.95;
13 3 1 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
14 4 1 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
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15 5 1 0.0 0.0 0.0 0.19 1 1.0 0.0 135.0 1 1.05 0.95;
16 6 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
17 7 2 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
18 8 1 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
19 9 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
20 10 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
21 11 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
22 12 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
23 13 2 0.0 0.0 0.0 0.0 2 1.0 0.0 135.0 1 1.1 0.95;
24 14 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
25 15 2 0.0 0.0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
26 16 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
27 17 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
28 18 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
29 19 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
30 20 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
31 21 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
32 22 2 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.1 0.95;
33 23 2 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.1 0.95;
34 24 1 0 0 0.0 0.04 3 1.0 0.0 135.0 1 1.05 0.95;
35 25 1 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
36 26 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
37 27 2 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.1 0.95;
38 28 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
39 29 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
40 30 2 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
41 ];
42 gen = [
43 1 0 0 60 −15 1.0 100.0 1 60 0;
44 2 0 0 60 −15 1.0 100.0 1 60 0;
45 22 0 0 60 −15 1.0 100.0 1 60 0;
46 27 0 0 60 −15 1.0 100.0 1 60 0;
47 23 0 0 60 −15 1.0 100.0 1 60 0;
48 13 0 0 60 −15 1.0 100.0 1 60 0;
49 %AREA 1
50 2 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
51 3 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
52 4 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
53 8 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
54 7 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
55 %AREA 2
56 12 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
57 14 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
58 16 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
59 17 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
60 18 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
61 19 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
62 20 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
63 23 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
64 15 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
65 %AREA 3
66 10 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
67 21 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
68 24 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
69 26 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
70 29 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
71 30 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
72 ];
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73 branch = [
74 1 2 0.02 0.06 0.03 200 130.0 130.0 0.0 0.0 1;
75 1 3 0.05 0.19 0.02 200 130.0 130.0 0.0 0.0 1;
76 2 4 0.06 0.17 0.02 200 65.0 65.0 0.0 0.0 1;
77 3 4 0.01 0.04 0.0 200 130.0 130.0 0.0 0.0 1;
78 2 5 0.05 0.2 0.02 200 130.0 130.0 0.0 0.0 1;
79 2 6 0.06 0.18 0.02 200 65.0 65.0 0.0 0.0 1;
80 4 6 0.01 0.04 0.0 200 90.0 90.0 0.0 0.0 1;
81 5 7 0.05 0.12 0.01 200 70.0 70.0 0.0 0.0 1;
82 6 7 0.03 0.08 0.01 200 130.0 130.0 0.0 0.0 1;
83 6 8 0.01 0.04 0.0 200 32.0 32.0 0.0 0.0 1;
84 6 9 0.0 0.21 0.0 200 65.0 65.0 0.0 0.0 1;
85 6 10 0.0 0.56 0.0 200 32.0 32.0 0.0 0.0 1;
86 9 11 0.0 0.21 0.0 200 65.0 65.0 0.0 0.0 1;
87 9 10 0.0 0.11 0.0 200 65.0 65.0 0.0 0.0 1;
88 4 12 0.0 0.26 0.0 10 65.0 65.0 0.0 0.0 1;
89 12 13 0.0 0.14 0.0 200 65.0 65.0 0.0 0.0 1;
90 12 14 0.12 0.26 0.0 200 32.0 32.0 0.0 0.0 1;
91 12 15 0.07 0.13 0.0 200 32.0 32.0 0.0 0.0 1;
92 12 16 0.09 0.2 0.0 200 32.0 32.0 0.0 0.0 1;
93 14 15 0.22 0.2 0.0 200 16.0 16.0 0.0 0.0 1;
94 16 17 0.08 0.19 0.0 200 16.0 16.0 0.0 0.0 1;
95 15 18 0.11 0.22 0.0 200 16.0 16.0 0.0 0.0 1;
96 18 19 0.06 0.13 0.0 200 16.0 16.0 0.0 0.0 1;
97 19 20 0.03 0.07 0.0 200 32.0 32.0 0.0 0.0 1;
98 10 20 0.09 0.21 0.0 200 32.0 32.0 0.0 0.0 0;
99 10 17 0.03 0.08 0.0 200 32.0 32.0 0.0 0.0 0;

100 10 21 0.03 0.07 0.0 200 32.0 32.0 0.0 0.0 1;
101 10 22 0.07 0.15 0.0 200 32.0 32.0 0.0 0.0 1;
102 21 22 0.01 0.02 0.0 200 32.0 32.0 0.0 0.0 1;
103 15 23 0.1 0.2 0.0 200 16.0 16.0 0.0 0.0 1;
104 22 24 0.12 0.18 0.0 200 16.0 16.0 0.0 0.0 1;
105 23 24 0.13 0.27 0.0 10 16.0 16.0 0.0 0.0 1;
106 24 25 0.19 0.33 0.0 200 16.0 16.0 0.0 0.0 1;
107 25 26 0.25 0.38 0.0 200 16.0 16.0 0.0 0.0 1;
108 25 27 0.11 0.21 0.0 200 16.0 16.0 0.0 0.0 1;
109 28 27 0.0 0.4 0.0 200 65.0 65.0 0.0 0.0 1;
110 27 29 0.22 0.42 0.0 200 16.0 16.0 0.0 0.0 1;
111 27 30 0.32 0.6 0.0 200 16.0 16.0 0.0 0.0 1;
112 29 30 0.24 0.45 0.0 200 16.0 16.0 0.0 0.0 1;
113 8 28 0.06 0.2 0.02 200 32.0 32.0 0.0 0.0 1;
114 6 28 0.02 0.06 0.01 200 32.0 32.0 0.0 0.0 1;
115 ];
116

117 %%−−−−− OPF Data −−−−−%%
118 areas = [
119 1 8;
120 2 23;
121 3 26;
122 ];
123

124 gencost = [
125 1 0 0 4 0 0 12 240 36 1200 60 2400;
126 1 0 0 4 0 0 12 240 36 1200 60 2400;
127 1 0 0 4 0 0 12 240 36 1200 60 2400;
128 1 0 0 4 0 0 12 240 36 1200 60 2400;
129 1 0 0 4 0 0 12 240 36 1200 60 2400;
130 1 0 0 4 0 0 12 240 36 1200 60 2400;
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131 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
132 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
133 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
134 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
135 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
136 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
137 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
138 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
139 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
140 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
141 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
142 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
143 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
144 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
145 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
146 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
147 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
148 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
149 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
150 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
151 ];
152

153 return;



Appendix E

Matlab code Simulation -
Application and Evaluation

E.1 Market_Simulation.m

1 clc,clear all;
2 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
3 %MARKET SIMULATION version 1.0 by Martin Elfstadius
4 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
5 %%%%%%%%%%%%%%%%%
6 %INITIALIZING
7 %CREATING FILES
8 csvwrite('grafdata.txt',[]);
9 csvwrite('flagdata.txt',[]);

10 csvwrite('Cflagdata.txt',[]);
11 csvwrite('pricedata.txt',[]);
12 csvwrite('offers.txt',[60;60;60;60;60;60]);
13

14 %FETCHING A LOAD. There are 12 normalized shapes to choose from.
15 %Three loads are choosen, one for each area. First input vector chooses
16 %shape of the load. The second vector chooses the peak value of the
17 %corresponding load.
18

19 [Est_Load Real_Load] = Define_Load([2 4 7],[70 70 70]);
20 csvwrite('loaddata.txt',[Real_Load]);
21 P_star = []; %Dispatch
22 lambda_star = []; %Locational Marginal Prices
23 N = 96; %Number of datapoints
24 t = [1:1:N]; %Time unit vector
25 time = t(1); %Iterative time unit
26

27 %C IS THE OPTIONAL INPUT VARIABLE TO THE SURVEILLANCE TOOL
28 %IF A CERTAIN PAIR OF GENERATORS IS OF INTEREST IT CAN BE ENTERED HERE
29 %EXAMPLE: If generators 3 with 4 and 5 with 6 is of interest,
30 %write C = [3 4; 5 6]
31 C = [];

119
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32 offers.P.qty = [ ... %INITIAL GENERATOR OFFER, GENERATION in MWh
33 20 20 20;
34 20 20 20;
35 20 20 20;
36 20 20 20;
37 20 20 20;
38 20 20 20];
39

40 offers.P.prc = [ ... %INITIAL GENERATOR OFFER, PRICES in $/MWh
41 20 31 40;
42 24 32 43;
43 22 30 400;
44 30 35 400;
45 20 35 46;
46 25 33 45];
47

48 bids.P.prc = [ ... %INELASTIC DEMAND
49 900*ones(20,3)];
50

51 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
52 tic
53 %The day begins at 00:00 and the market is cleared every 15 minutes.
54 for time = t
55 %UPDATING DEMAND
56 load1 = Real_Load(time,1);
57 load2 = Real_Load(time,2);
58 load3 = Real_Load(time,3);
59 est_load1 = Est_Load(time,1);
60 est_load2 = Est_Load(time,2);
61 est_load3 = Est_Load(time,3);
62 bids.P.qty = [ ...
63 %AREA1
64 load1/15*ones(5,3);
65 %AREA2
66 load2/27*ones(9,3);
67 %AREA3
68 load3/18*ones(6,3)];
69

70 %ISO SOLVES OPF AND CLEARS THE MARKET, AC is SLOW!!
71 %Change to DC if only testing is of interest
72 mkt.OPF = 'AC';
73 mkt.auction_type = 1;
74 mpopt = mpoption('OUT_ALL', 0);
75 [mpc_out, co, cb, f, dispatch, success, et] =
76 runmarket('t_auction_case.m', offers, bids,mkt);
77 if(¬success)
78 error('Oh my god what have I done? DO IT AGAIN!!')
79 break;
80 end
81 P_star = sum(co.P.qty'); %Optimal Total Dispatch
82 lambda_star = co.P.prc; %Resulting Locational Marginal Prices
83 if(time == 1)
84 revenue_history = [sum([co.P.qty.*co.P.prc]'); ...
85 sum([co.P.qty.*co.P.prc]')];
86 else
87 revenue_history = [revenue_history; sum([co.P.qty.*co.P.prc]')];
88 end
89
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90 %GETTING THE MARGINALLY DISPATCHED BLOCKS
91 marginal_blocks = get_marginal_blocks(time,offers,co);
92

93 %SURVEILLANCE TOOL MONITORS THE CURRENT MARKET
94 %The ME output signals that a generator has monopolistic energy while
95 %the GME output signal about pairs of generators with Monopolistic
96 %Energy levels. The group is defined by the first two columns, and the
97 %amount of monopolistic energy that they share together is shown in the
98 %third column of GME.
99

100 TOOL_offers.P.qty = sum(offers.P.qty')';
101 TOOL_offers.P.prc = 60*ones(6,1);
102 TOOL_bids.P.qty = sum(bids.P.qty')';
103 TOOL_bids.P.prc = 500*ones(20,1);
104 [ME GME C] = Surveillance_Tool(TOOL_offers,TOOL_bids,C)
105

106 %SAVING DATA
107 csvwrite('flagdata.txt',[csvread('flagdata.txt'); ME]);
108 csvwrite('Cflagdata.txt',[csvread('Cflagdata.txt'); GME]);
109 csvwrite('grafdata.txt',[csvread('grafdata.txt'); P_star],0,0);
110 for ii = 1:6
111 pricedata(ii) = lambda_star(ii,marginal_blocks(ii));
112 end
113 csvwrite('pricedata.txt',[csvread('pricedata.txt'); pricedata]);
114

115 %PRINTING CURRENT TIME OF DAY TO MAKE THE RUNS LESS BORING
116 CURRENT_TIME = [floor(time*24/N) (time*24/N − floor(time*24/N))*60]
117

118 end %END OF FORLOOP! 15 minutes have past!!
119 toc
120 Market_Simulation_Plot;

E.1.1 Surveillance_Tool.m

1 function [S_flag C_flag C] = SURVEILANCE_TOOL(offers,bids,C)
2

3 %INITIALIZATION
4 mkt.OPF = 'DC'; %Choosing the DC Power flow model
5 Q =[]; %Change in dispatch matrix
6 ME_matrix = []; %Monopolistic Energy matrix
7 ME = [0 0 0 0 0 0]; %Single Monopolistic Energy
8 C_flag = []; %Collusion flag
9 flag = [0 0 0 0 0 0]; %Single generator flag

10 Collusive = []; %Help variable
11

12 %Solving DC−OPF
13 [mpc_out, co, cb, f, dispatch, success, et] =
14 runmarket('t_auction_case.m', offers, bids,mkt);
15

16 P_star = [];
17 P_star = co.P.qty %Dispatch
18 lambda_star = co.P.prc; %Prices
19 delta_lambda = 1; %Perturbation parameter
20
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21

22 for i = 1:6
23 offers.P.prc = lambda_star;
24 offers.P.prc(i) = lambda_star(i) + delta_lambda;
25 mpopt = mpoption('OUT_ALL', 0);
26 %Solving DC−OPF
27 [mpc_out, co, cb, f, dispatch, success, et] =
28 runmarket('t_auction_case.m', offers, bids,mkt);
29

30 P_star_perturbed = [];
31 P_star_perturbed = co.P.qty; %New dispatch
32 Q(:,i) = (P_star_perturbed − P_star)/delta_lambda; %Creating a column
33 %in the Q matrix.
34 end
35

36 %The ME_matrix columns are really just the 6 variations of
37 %P_star_perturbed
38 ME_matrix = diag(P_star)*ones(6,6) + Q;
39 %ME is the vector containing each generators Monopolistic Energy
40 %We extract the diagonal of the ME_matrix
41 ME = diag(ME_matrix);
42

43 %GME Detection!
44 %We search for the relations that indicate pairs of generators more
45 %probable in having amounts of GME. We save these in help variable
46 %Collusive
47 [r c] = size(Q);
48 for i = 1:c
49 x = find(Q(:,i) == max(Q(:,i)));
50 if(length(x) > 1)
51 break;
52 end
53 y = find(Q(:,x) == max(Q(:,x)));
54 if(length(y) > 1)
55 break;
56 end
57 if(y == i && i < x)
58 Collusive = [Collusive; i x];
59 end
60 end
61

62 %This next part makes helpvariable Collusive contain previously found
63 %load pockets that were not detected in this certain run. If a
64 %load pocket with some amount of monopolistic energy was detected
65 %in earlier runs, that we want to investigate it further.
66 if(¬isempty(C))
67 [r c] = size(C);
68 for i = 1:r
69 if(isempty(Collusive))
70 Collusive = C;
71 else
72 [rr cc] = size(Collusive);
73 found = false;
74 for ii = 1:rr
75 if(Collusive(ii,:) == C(i,:))
76 found = true;
77 break;
78 end
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79 end
80 if(¬found)
81 Collusive = [Collusive; C(i,:)];
82 end
83 end
84 end
85 end
86

87 %Now we calculate each groups amount of monopolistic energy and append
88 %the amount to the Collusive matrix in column 3. The variable Collusive
89 %is then on the same form as our output variable C_flag
90

91 if(¬isempty(Collusive))
92 MQ = [];
93 [r c] = size(Collusive);
94 for i = 1:r
95 offers.P.prc = lambda_star;
96 GEN1 = Collusive(i,1);
97 GEN2 = Collusive(i,2);
98

99 %Raising 1st generator's price
100 offers.P.prc(GEN1) = lambda_star(GEN1) + delta_lambda;
101 %Raising 2nd generator's price
102 offers.P.prc(GEN2) = lambda_star(GEN2) + delta_lambda;
103

104 mpopt = mpoption('OUT_ALL', 0);
105 %Solving DC−OPF
106 [mpc_out, co, cb, f, dispatch, success, et] =
107 runmarket('t_auction_case.m', offers, bids,mkt);
108

109 P_star_perturbed = [];
110 P_star_perturbed(1:6) = co.P.qty(1:6); %New dispatch
111 MQ(GEN1,GEN2) = (P_star_perturbed(GEN1) + P_star_perturbed(GEN2)
112 − P_star(GEN1) − P_star(GEN2));
113 Collusive(i,3) = P_star(GEN1) + P_star(GEN2) + MQ(GEN1,GEN2);
114 end
115 end
116

117

118 %This part saves a newly found group in output variable C, which later
119 %becomes an input variable in a subsequent run. This enables the tool
120 %to 'remember' previously detected groups.
121 if(¬isempty(Collusive))
122

123 %Find groups with existing amounts of Group Monoplistic Energy
124 rows = find(Collusive(:,3) > 0);
125

126 %Get rows and truncate the matrix, only who is in the load pocket
127 %needs to be remembered. The amount of ME will change the next
128 %time around
129 LoadPocket = Collusive(rows,1:2);
130 if(¬isempty(LoadPocket))
131 [r c] = size(LoadPocket);
132 for i = 1:r
133 if(isempty(C))
134 C = [C; LoadPocket];
135 else
136 [rr cc] = size(C);
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137 for ii = 1:rr
138 found = false;
139 if(LoadPocket(i,1:2) == C(ii,1:2))
140 found = true;
141 break;
142 end
143 end
144 if(¬found)
145 C = [C; LoadPocket];
146 end
147 end
148 end
149 end
150 end
151

152 %%%%%%OUTPUT%%%%%%%
153 C_flag = Collusive;
154 S_flag = ME';
155 C = C;
156 %%%%%%%%%%%%%%%%%%%

E.1.2 Define_Load.m

1 function [Est_Load Real_Load] = Define_Load(area, peak_value)
2 %This function takes two arguments, area and peak_value. It generates a
3 %loadcurve for one whole day.
4 %The data below is imported from NYISO hompage.
5 %Each column represent the following areas: CAPITL CENTRL DUNWOD GENESE
6 %HUD VL LONGIL MHK VL MILLWD N.Y.C. NORTH WEST NYISO
7 %This Loadforecast has been dowloaded from
8 %http://mis.nyiso.com/public/pdf/isolf/20071113isolf.pdf
9 %%%%

10 %Each column is linearly extended to 96 datapoints to enable represent
11 %intervals of 15 minutes each. Then they are normalized. Input variable
12 %area is a vector that chooses which of the 12 load curves that will be
13 %used. Input variable peak_value is simply a similar vector determining
14 %the peak value for each desired loadcurve.
15

16

17 NYISO = [ ...
18 1060 1531 540 870 939 1851 649 208 4809 740 1550 14747
19 1004 1486 515 831 889 1731 620 198 4513 727 1514 14028
20 978 1448 496 816 867 1662 608 193 4352 719 1486 13625
21 971 1432 484 807 860 1627 607 188 4277 713 1477 13443
22 998 1473 489 832 866 1657 622 197 4294 721 1502 13651
23 1087 1587 529 909 928 1765 679 223 4562 734 1591 14594
24 1260 1786 607 1040 1039 2012 785 271 5123 760 1753 16436
25 1359 1886 682 1114 1098 2224 846 299 5716 776 1875 17875
26 1369 1913 721 1137 1131 2345 859 304 6141 771 1917 18608
27 1371 1918 740 1150 1147 2412 857 303 6427 766 1932 19023
28 1377 1915 754 1151 1152 2448 853 299 6530 762 1941 19182
29 1373 1894 748 1143 1148 2446 842 292 6580 759 1937 19162
30 1362 1880 738 1139 1133 2424 833 286 6579 753 1933 19060
31 1347 1875 731 1146 1136 2409 832 281 6570 750 1941 19018
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32 1332 1860 732 1138 1145 2398 823 272 6563 752 1924 18939
33 1336 1861 735 1140 1157 2420 821 273 6579 753 1911 18986
34 1409 1933 772 1184 1212 2554 862 299 6717 767 1953 19662
35 1546 2057 832 1274 1331 2859 934 348 6974 792 2056 21003
36 1544 2064 832 1281 1340 2895 939 360 6839 792 2064 20950
37 1497 2031 815 1253 1321 2828 922 356 6613 788 2034 20458
38 1444 1974 788 1214 1281 2726 884 334 6366 779 1991 19781
39 1351 1871 732 1131 1204 2545 823 301 6053 761 1913 18685
40 1235 1738 654 1033 1100 2283 750 259 5654 743 1798 17247
41 1123 1611 574 935 999 2013 688 217 5160 732 1669 15721];
42

43 %Creating 3 extra datapoints for every hour. Now we have a
44 %reasonable value for the load for every 15 minutes.
45 %This extends the matrix and makes it four times larger.
46 steps = [];
47 [r c] = size(NYISO);
48 NYISOext = [];
49 for i = 1:r−1
50 %Creating the stepsize
51 steps = (NYISO(i+1,:) − NYISO(i,:))/4;
52 for k = 0:3
53 %Building the matrix
54 NYISOext(end+1,:) = NYISO(i,:) + steps.*k;
55 end
56 end
57 %Creating the stepsize to make ends meet
58 steps = (NYISO(1,:) − NYISO(end,:))/4;
59 for k = 0:3
60 %Building last four rows 23:00 to 24:00
61 NYISOext(end+1,:) = NYISO(end,:) + steps.*k;
62 end
63

64 minvsmax = [];
65 for i = 1:c
66 if(area(1) == i)
67 p_value = peak_value(1);
68 %Normalizing and mult. with peak_value
69 NYISOext(:,i) = p_value.*NYISOext(:,i)./max(NYISOext(:,i));
70 elseif(area(2) == i)
71 p_value = peak_value(2);
72 %Normalizing and mult. with peak_value
73 NYISOext(:,i) = p_value.*NYISOext(:,i)./max(NYISOext(:,i));
74 elseif(area(3) == i)
75 p_value = peak_value(3);
76 %Normalizing and mult. with peak_value
77 NYISOext(:,i) = p_value.*NYISOext(:,i)./max(NYISOext(:,i));
78 end
79 end
80

81 Est_Load = NYISOext(:,area);
82 %Just distorting a little bit to simulate a realistic estimation error
83 Real_Load = Est_Load + ...
84 Est_Load.*[0.03.*rand(96,1) 0.03.*rand(96,1) 0.03.*rand(96,1)];

E.1.3 get_marginal_blocks.m
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1 function marginal_blocks = get_marginal_blocks(time,offers,co)
2 marginal_blocks = [];
3

4 %PDM is a Matrix with percentages of total block capacity that
5 %was dispatched
6 PDM = 100*co.P.qty./offers.P.qty;
7 [r c] = size(PDM);
8 for i = 1:r
9 if(PDM(i,2) > 99.9)

10 marginal(i) = 3;
11 elseif(PDM(i,3) == 0 && PDM(i,2) > 0)
12 marginal(i) = 2;
13 elseif(PDM(i,2) == 0 && PDM(i,1) > 99.9)
14 marginal(i) = 2;
15 else
16 marginal(i) = 1;
17 end
18 end
19 marginal_blocks = marginal;

E.1.4 Market_Simulation_Plot.m

1 %RETRIEVE DATA FROM DATAFILES
2 grafdata = csvread('grafdata.txt');
3 flagdata = csvread('flagdata.txt');
4 pricedata = csvread('pricedata.txt');
5 Cflagdata = csvread('Cflagdata.txt');
6 GenOffers = csvread('offers.txt');
7

8 %Creating Time vector for plots 00:00 to 24:00
9 t = [0:24/N:24−0.25];

10

11 [r c] = size(Cflagdata);
12 Cflagplot1 = [];
13 for i = 1:r
14 if(Cflagdata(i,1:2) == [1 2])
15 Cflagplot1 = [Cflagplot1; Cflagdata(i,3)];
16 end
17 end
18 l = N − length(Cflagplot1);
19 Cflagplot1 = [Cflagplot1(1)*ones(1,l) Cflagplot1']';
20

21 Cflagplot2 = [];
22 for i = 1:r
23 if(Cflagdata(i,1:2) == [3 4])
24 Cflagplot2 = [Cflagplot2; Cflagdata(i,3)];
25 end
26 end
27 l = N − length(Cflagplot2);
28 Cflagplot2 = [Cflagplot2(1)*ones(1,l) Cflagplot2']';
29

30 Cflagplot3 = [];
31 for i = 1:r
32 if(Cflagdata(i,1:2) == [5 6])
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33 Cflagplot3 = [Cflagplot3; Cflagdata(i,3)];
34 end
35 end
36 l = N − length(Cflagplot3);
37 Cflagplot3 = [Cflagplot3(1)*ones(1,l) Cflagplot3']';
38

39 %PLOTS
40 figure(1)
41 subplot(4,1,1), plot(t,grafdata(:,1) + grafdata(:,2),'g'),
42 xlabel('AREA1'),ylabel('MW'),title('Generation in MW')
43 subplot(4,1,2), plot(t,grafdata(:,5) + grafdata(:,6),'r'),
44 xlabel('AREA2'),ylabel('MW')
45 subplot(4,1,3), plot(t,grafdata(:,3) + grafdata(:,4),'b'),
46 xlabel('AREA3'),ylabel('MW')
47 subplot(4,1,4), plot(t,Real_Load(:,1),'g')
48 hold on
49 subplot(4,1,4), plot(t,Real_Load(:,2),'r')
50 hold on, subplot(4,1,4), plot(t,Real_Load(:,3),'b'),
51 xlabel('Loads'),ylabel('Mw')
52

53

54 figure(2)
55 subplot(4,1,1), plot(t,pricedata(:,1),'g'),
56 title('Locational Marginal Prices')
57 hold on
58 subplot(4,1,1), plot(t,pricedata(:,2),'g'),
59 xlabel('AREA1'),ylabel('$/MWh')
60 subplot(4,1,2), plot(t,pricedata(:,5),'r')
61 hold on
62 subplot(4,1,2), plot(t,pricedata(:,6),'r'),
63 xlabel('AREA2'),ylabel('$/MWh')
64 subplot(4,1,3), plot(t,pricedata(:,3),'b')
65 hold on
66 subplot(4,1,3), plot(t,pricedata(:,4),'b'),
67 xlabel('AREA3'),ylabel('$/MWh')
68 subplot(4,1,4), plot(t,Real_Load(:,1),'g')
69 hold on
70 subplot(4,1,4), plot(t,Real_Load(:,2),'r')
71 hold on, subplot(4,1,4), plot(t,Real_Load(:,3),'b'),
72 xlabel('Loads'),ylabel('Mw')
73

74 figure(3)
75 subplot(4,1,1), plot(t,flagdata(:,1),'g'),
76 title('Monopolistic Energy Flags')
77 hold on
78 subplot(4,1,1), plot(t,flagdata(:,2),'g'),
79 xlabel('AREA1'),ylabel('ME Mw')
80 subplot(4,1,2), plot(t,flagdata(:,5),'r')
81 hold on
82 subplot(4,1,2), plot(t,flagdata(:,6),'r'),
83 xlabel('AREA2'),ylabel('ME Mw')
84 subplot(4,1,3), plot(t,flagdata(:,3),'b')
85 hold on
86 subplot(4,1,3), plot(t,flagdata(:,4),'b'),
87 xlabel('AREA3'),ylabel('ME Mw')
88 subplot(4,1,4), plot(t,Real_Load(:,1),'g')
89 hold on
90 subplot(4,1,4), plot(t,Real_Load(:,2),'r')
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91 hold on, subplot(4,1,4), plot(t,Real_Load(:,3),'b'),
92 xlabel('Loads'),ylabel('Mw')
93

94

95 figure(4)
96 subplot(4,1,1), plot(t,Cflagplot1,'g'),
97 title('Duopolistic Energy Flags'), xlabel('AREA1'),ylabel('Mw')
98 subplot(4,1,2), plot(t,Cflagplot3,'r'),
99 xlabel('AREA2'),ylabel('Mw')

100 subplot(4,1,3), plot(t,Cflagplot2,'b'),
101 xlabel('AREA3'),ylabel('Mw')
102 subplot(4,1,4), plot(t,Real_Load(:,1),'g')
103 hold on
104 subplot(4,1,4), plot(t,Real_Load(:,2),'r')
105 hold on, subplot(4,1,4), plot(t,Real_Load(:,3),'b'),
106 xlabel('Loads'),ylabel('Mw')
107

108 figure(5)
109 plot(t,Real_Load(:,1) + Real_Load(:,2) + Real_Load(:,3))
110 title('Total Real Load'),xlabel('Time of day'),ylabel('Mw')
111

112 figure(6)
113 compare=[];
114 compare(:,1) = grafdata(:,6);
115 compare(:,2) = flagdata(:,6)
116 plot(t,compare(:,1))
117 hold on
118 plot(t,compare(:,2),'r')
119 error = compare(:,1) − compare(:,2);
120 plot(t,error,'g')
121 legend({'Dispatch for Generator 6','Monopolistic Energy,
122 Generator 6','(Dispatch − Monopolistic Energy)'});
123 title('Dispatch vs. Monopolistic Energy'),
124 xlabel('Time of day'),ylabel('Mw')
125

126

127 figure(7)
128 plot(t,grafdata(:,5) + grafdata(:,6),'r')
129 hold on
130 plot(t,Cflagplot3,'b')
131 plot(t,(grafdata(:,5) + grafdata(:,6) − Cflagplot3),'g')
132 legend({'Dispatch for AREA2','Duopolistic Energy, AREA2',
133 '(Dispatch − Duopolistic Energy)'});
134 title('Dispatch vs. Duopolistic Energy'),
135 xlabel('Time of day'),ylabel('Mw')

E.1.5 t_auction_case.m

1 function [baseMVA, bus, gen, branch, areas, gencost] = t_auction_case
2 %T_AUCTION_CASE Power flow data for testing auction code.
3 % Please see 'help caseformat' for details on the case file format.
4

5 % MATPOWER
6 % Id: t_auction_case.m,v 1.4 2006/07/14 15:12:37 ray Exp
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7

8 %%−−−−− Power Flow Data −−−−−%%
9 baseMVA = 100.0;

10 bus = [
11 1 3 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.9500;
12 2 2 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.1 0.95;
13 3 1 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
14 4 1 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
15 5 1 0.0 0.0 0.0 0.19 1 1.0 0.0 135.0 1 1.05 0.95;
16 6 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
17 7 2 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
18 8 1 0 0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
19 9 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
20 10 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
21 11 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
22 12 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
23 13 2 0.0 0.0 0.0 0.0 2 1.0 0.0 135.0 1 1.1 0.95;
24 14 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
25 15 2 0.0 0.0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
26 16 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
27 17 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
28 18 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
29 19 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
30 20 1 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.05 0.95;
31 21 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
32 22 2 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.1 0.95;
33 23 2 0 0 0.0 0.0 2 1.0 0.0 135.0 1 1.1 0.95;
34 24 1 0 0 0.0 0.04 3 1.0 0.0 135.0 1 1.05 0.95;
35 25 1 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
36 26 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
37 27 2 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.1 0.95;
38 28 1 0.0 0.0 0.0 0.0 1 1.0 0.0 135.0 1 1.05 0.95;
39 29 1 0 0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
40 30 2 0.0 0.0 0.0 0.0 3 1.0 0.0 135.0 1 1.05 0.95;
41 ];
42 gen = [
43 1 0 0.0 60 −15 1.0 100.0 1 1500 0;
44 2 0 0.0 60 −15 1.0 100.0 1 1500 0;
45 22 0 0.0 60 −15 1.0 100.0 1 1500 0;
46 27 0 0.0 60 −15 1.0 100.0 1 1500 0;
47 23 0 0.0 60 −15 1.0 100.0 1 1500 0;
48 13 0 0.0 60 −15 1.0 100.0 1 1500 0;
49 %AREA 1
50 2 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
51 3 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
52 4 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
53 8 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
54 7 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
55 %AREA 2
56 12 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
57 14 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
58 16 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
59 17 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
60 18 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
61 19 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
62 20 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
63 23 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
64 15 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
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65 %AREA 3
66 10 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
67 21 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
68 24 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
69 26 0 0 0.0 −15.0 1.0 100.0 1 0.0 −3000.0;
70 29 0 0 0.0 −12.0 1.0 100.0 1 0.0 −3000.0;
71 30 0 0 0.0 −7.5 1.0 100.0 1 0.0 −3000.0;
72 ];
73 branch = [
74 1 2 0.02 0.06 0.03 2000 130.0 130.0 0.0 0.0 1;
75 1 3 0.05 0.19 0.02 2000 130.0 130.0 0.0 0.0 1;
76 2 4 0.06 0.17 0.02 2000 65.0 65.0 0.0 0.0 1;
77 3 4 0.01 0.04 0.0 2000 130.0 130.0 0.0 0.0 1;
78 2 5 0.05 0.2 0.02 2000 130.0 130.0 0.0 0.0 1;
79 2 6 0.06 0.18 0.02 2000 65.0 65.0 0.0 0.0 1;
80 4 6 0.01 0.04 0.0 2000 90.0 90.0 0.0 0.0 1;
81 5 7 0.05 0.12 0.01 2000 70.0 70.0 0.0 0.0 1;
82 6 7 0.03 0.08 0.01 2000 130.0 130.0 0.0 0.0 1;
83 6 8 0.01 0.04 0.0 2000 32.0 32.0 0.0 0.0 1;
84 6 9 0.0 0.21 0.0 2000 65.0 65.0 0.0 0.0 1;
85 6 10 0.0 0.56 0.0 2000 32.0 32.0 0.0 0.0 1;
86 9 11 0.0 0.21 0.0 2000 65.0 65.0 0.0 0.0 1;
87 9 10 0.0 0.11 0.0 2000 65.0 65.0 0.0 0.0 1;
88 4 12 0.0 0.26 0.0 10 65.0 65.0 0.0 0.0 1;
89 12 13 0.0 0.14 0.0 2000 65.0 65.0 0.0 0.0 1;
90 12 14 0.12 0.26 0.0 2000 32.0 32.0 0.0 0.0 1;
91 12 15 0.07 0.13 0.0 2000 32.0 32.0 0.0 0.0 1;
92 12 16 0.09 0.2 0.0 2000 32.0 32.0 0.0 0.0 1;
93 14 15 0.22 0.2 0.0 2000 16.0 16.0 0.0 0.0 1;
94 16 17 0.08 0.19 0.0 2000 16.0 16.0 0.0 0.0 1;
95 15 18 0.11 0.22 0.0 2000 16.0 16.0 0.0 0.0 1;
96 18 19 0.06 0.13 0.0 2000 16.0 16.0 0.0 0.0 1;
97 19 20 0.03 0.07 0.0 2000 32.0 32.0 0.0 0.0 1;
98 10 20 0.09 0.21 0.0 2000 32.0 32.0 0.0 0.0 0;
99 10 17 0.03 0.08 0.0 2000 32.0 32.0 0.0 0.0 0;

100 10 21 0.03 0.07 0.0 2000 32.0 32.0 0.0 0.0 1;
101 10 22 0.07 0.15 0.0 2000 32.0 32.0 0.0 0.0 1;
102 21 22 0.01 0.02 0.0 2000 32.0 32.0 0.0 0.0 1;
103 15 23 0.1 0.2 0.0 2000 16.0 16.0 0.0 0.0 1;
104 22 24 0.12 0.18 0.0 2000 16.0 16.0 0.0 0.0 1;
105 23 24 0.13 0.27 0.0 10 16.0 16.0 0.0 0.0 1;
106 24 25 0.19 0.33 0.0 2000 16.0 16.0 0.0 0.0 1;
107 25 26 0.25 0.38 0.0 2000 16.0 16.0 0.0 0.0 1;
108 25 27 0.11 0.21 0.0 2000 16.0 16.0 0.0 0.0 1;
109 28 27 0.0 0.4 0.0 2000 65.0 65.0 0.0 0.0 1;
110 27 29 0.22 0.42 0.0 2000 16.0 16.0 0.0 0.0 1;
111 27 30 0.32 0.6 0.0 2000 16.0 16.0 0.0 0.0 1;
112 29 30 0.24 0.45 0.0 2000 16.0 16.0 0.0 0.0 1;
113 8 28 0.06 0.2 0.02 2000 32.0 32.0 0.0 0.0 1;
114 6 28 0.02 0.06 0.01 2000 32.0 32.0 0.0 0.0 1;
115 ];
116

117 %%−−−−− OPF Data −−−−−%%
118 areas = [
119 1 8;
120 2 23;
121 3 26;
122 ];
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123 gencost = [
124 1 0 0 4 0 0 12 240 36 1200 60 2400;
125 1 0 0 4 0 0 12 240 36 1200 60 2400;
126 1 0 0 4 0 0 12 240 36 1200 60 2400;
127 1 0 0 4 0 0 12 240 36 1200 60 2400;
128 1 0 0 4 0 0 12 240 36 1200 60 2400;
129 1 0 0 4 0 0 12 240 36 1200 60 2400;
130 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
131 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
132 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
133 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
134 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
135 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
136 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
137 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
138 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
139 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
140 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
141 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
142 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
143 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
144 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
145 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
146 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
147 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
148 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
149 1 0 0 4 −30 −1e+15 −20 −2000 −10 −1000 0 0;
150 ];
151

152 return;


