
ETH Library

Valuation of Controllable Devices
in Liberalized Electricity Markets

Doctoral Thesis

Author(s):
Schaffner, Christian 

Publication date:
2004

Permanent link:
https://doi.org/10.3929/ethz-a-004904468

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0001-8888-6122
https://doi.org/10.3929/ethz-a-004904468
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Diss. ETH No. 15850

Valuation of Controllable

Devices in Liberalized

Electricity Markets

A dissertation submitted to the

SWISS FEDERAL INSTITUTE OF TECHNOLOGY

ZURICH

for the degree of

Doctor of Technical Sciences

presented by
CHRISTIAN SCHAFFNER

Dipl. El.-Ing. ETH

born August 24, 1972

in Basel, Switzerland

accepted on the recommendation of

Prof. Dr. Goran Andersson, examiner

Prof. Dr. Fernando L. Alvarado, co-examiner

Dr. Jakob Bernasconi, co-examiner

2004





Preface

This thesis presents the results of my research done at the Power Sys¬
tems Laboratory of the Swiss Federal Institute of Technology (ETH)
during the years 2000 - 2004.

First of all I would like to express my gratitude to my advisor, Prof.

Dr. Goran Andersson, for the supervision of my research. His advice

and support was inspiring throughout my studies. I would like to thank

him for the freedom he granted me to explore different aspects of power

systems research, particularly during the development of the power flow

calculation and visualization software Flowdemo.net.

Special thanks go to Prof. Dr. Fernando L. Alvarado and Dr. Jakob

Bernasconi for accepting to co-referee this thesis.

The students that I supervised during their semester and diploma the¬

sis enhanced my studies significantly. I especially would like to men¬

tion the excellent work carried out by Jean-Samuel Hentz and Thomas

Tarnowski. I also would like to thank Prof. Dr. Rafael Mihalic for pro¬

viding me simulation results used in the second case study.

I am most grateful to Dorothea Schaffner and Geoffrey Klein for proof¬

reading this thesis.

I also would like to thank all my colleagues at the laboratory for the en¬

joyable discussions, excursions and few, but rememberable sailing trips.

3



Seite Leer /

Blank leaf



Contents

Preface 2

Abstract 8

Kurzfassung 10

List of Acronyms 12

1 Introduction 15

1.1 Purpose of this Work 15

1.2 Chapter Overview 1C

1.3 Today's Electric Power Industry 17

1.4 What is the Value of a Controllable Device? 19

1.4.1 Power Flow Control 21

1.4.2 Stability 21

1.4.3 Transfer Capacity 22

1.4.4 Reliability 23

1.4.5 Added Value for ISO/TSO 23

1.4.6 Repeatability 24

1.4.7 Concluding Remarks 24

1.5 Scope of this Work 25

1.5.1 Chosen Framework 25

1.5.2 Chosen Controllable Device 20

1.5.3 Handling Contingencies 26

1.5.4 Cash Flow Generation 27

5



6 Contents

2 Congestion Management 29

2.1 Congested Transmission Networks 29

2.2 Relieving Network Congestions 30

2.2.1 Short-Term Methods 31

2.2.2 Long-Term Methods 32

2.2.3 Auction Based Systems 34

2.2.4 Locational Marginal Price Based Systems ....
34

2.2.5 Conclusions 35

3 Economic Models for Power Systems 37

3.1 Introduction into Economic Tools 37

3.1.1 Basic Economic Models 37

3.1.2 Valuation Methodologies 43

3.1.3 Enterprise Discounted Cash Flow 45

3.2 Determination of the Value of Controllable Devices
...

47

3.2.1 Performance Projections 47

3.2.2 Economic Analysis using DCF 48

3.2.3 Comparison with Similar Projects 49

4 Modeling Framework 51

4.1 Optimization Methods 51

4.1.1 Objective Function 55

4.1.2 Interpretation of the Lagrangian Multipliers ...
57

4.1.3 TCSC iModel 60

4.1.4 Constraints 63

4.2 Modeling Congested Networks 65

4.2.1 AC Power Flow Model 66

4.2.2 DC Power Flow Model Including Losses 67

4.2.3 DC Power Flow Model 68

4.2.4 "Copper Plate Model" 69

4.3 Determination of Electricity Prices 70

4.4 Economic Models of the Valuation 71



Contents 7

4.5 Integrated Modeling System 75

5 Simulation Results 79

5.1 AC Power Flow Model 81

5.1.1 Results without TCSC 81

5.1.2 Results with small TCSC 84

5.1.3 Results with large TCSC 84

5.2 DC Power Flow Model 86

5.3 Conclusions 88

6 Case Studies 91

6.1 France - Switzerland - Italy 91

6.1.1 Base Case 92

6.1.2 Influence of Financial Parameters 97

6.1.3 Influence of Project Size 98

6.1.4 Influence of Project Lifetime 99

6.1.5 Influence of an Additional Line between

Switzerland and Italy 101

6.1.6 Influence of an Additional Production Unit

in Italy 102

6.1.7 Conclusions 102

6.2 Slovenian System 104

6.2.1 Base Case 104

6.2.2 Synchronized Second UCTE Zone 105

6.2.3 Future Development 106

6.2.4 Conclusions 108

7 Summary and Conclusions 109

A Parameters of Network Components 111

B Additional Results 113

B.l DC Power Flow Model with Losses 113



8 Contents

B.2 AC Power Flow Model with Additional Line 117

B.3 AC Power Flow Model with Additional Generator
. . .

120

C Mathematical Details 125

C.l Full Power Flow Equations 125

C.l.l Line Model Applied 125

C.1.2 Power Flow Equations 127

C.1.3 TCSC in Series with a Line 128

Bibliography 128



Abstract

Restructuring and liberalization of electric power markets in recent

years present new challenges to network operators. Existing transmis¬

sion assets are being pushed to their physical limits in order to increase

overall utilization of transmission networks. Additionally, demand for

electric energy is steadily increasing, which further stresses network

components.

This leads to congested transmission paths, which cause significant price
differences between neighboring regions and hinder free energy trading.

Enhancing critical paths is difficult, since investment costs are often

large and the time frame from planning to operation of e.g. new lines

can often be in the order of decades. One solution to this problem
is the installation of controllable devices in the transmission network.

These devices help to reduce market inefficiencies by improved power

flow control.

The motivation for this thesis is the need to assess the economical value

of introducing new technology into an existing energy transmission sys¬

tem. A combination of engineering and economic theories is needed to

determine the value of a controllable device.

The thesis presents a modularized framework for the evaluation of con¬

trollable devices in a liberalized electricity market. First, the behavior

of the electric power market, the transmission network and the con¬

trollable device is modeled using optimization techniques, in order to

calculate electricity prices for different system conditions. Second, the

economic value of a company operating the device is determined by

calculating the cash flows resulting from the price differences and the

improved power flow. Case studies applying this framework show the

performance of the proposed system.

9



10 Abstract

The results of the case studies demonstrate the capability of the frame¬

work to model the influence of controllable devices such as Flexible Al¬

ternating Current Transmission Systems (FACTS) on electricity prices.
These results are combined with economic valuation theory to show the

most important factors affecting the present value of investments in new

technology.

The research shows that an accurate model of the underlying electricity
model is crucial. Simplified models using e.g. DC power flow calculations

can give inaccurate or even wrong results. Another important factor is

the correct rating of the controllable device. Depending on the objective
of the project there is a different optimal rating for the device.



Kurzfassung

Der Restrukturierungsprozess bzw. die Liberalisierung der Elektrizitäts¬

märkte während der letzten Jahre bringt neue Herausforderungen für

die Netzwerkbetreiber. Bestehende Anlagen zur Energieübertragung
werden bis an ihre physikalischen Grenzen belastet, um die Gesamt¬

auslastung des Netzwerkes zu erhöhen. Die Nachfrage nach elektrischer

Energie wächst stetig an, was die Netzwerkkomponenten zusätzlich be¬

lastet.

Dies führt zu Engpässen im Übertragungsnetz, die wiederum erhebliche

Preisunterschiede zwischen den Nachbargebieten bewirken. Der Ausbau

der kritischen Übertragungspfade ist schwierig, da die Investitionskosten

oft gross sind, und die Zeitspanne zwischen Planung und Inbetrieb¬

nahme von z.B. neuen Leitungen in der Grössenordnung von mehreren

Jahrzehnten liegt. Regelbare Netzwerkkomponenten können dieser den

freien Markt behindernden Ineffizienz entgegenwirken, indem sie den

Lastfluss im Netz entsprechend steuern.

Die Motivation für diese Dissertation ist der Bedarf an ökonomischen

Bewertungsmethoden für die Einführung von neuen Technologien in ein

bestehendes Übertragungsnetz. Es werden geeignete Methoden für die

wirtschaftliche Bewertung von regelbaren Netzwerkkomponenten benö¬

tigt.

Die Dissertation beschreibt ein modularisiertes Werkzeug für die Be¬

wertung von neuen Technologien in liberalisierten Elektrizitätsmärk¬

ten. Erst wird das Verhalten des elektrischen Energiemarktes, des

Übertragimgsnetzes und der regelbaren Komponente beschrieben. Op¬

timierungsmethoden ermöglichen die Preisberechnung für verschiedene

Systemzustände. Anschliessend wird der ökonomische Wert einer Firma

bestimmt, welche die Komponente bewirtschaftet. Verschiedene Fallstu-

dien demonstrieren die Funktionalität der vorgeschlagenen Methode.
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12 Kurzfassung

Die Resultate der Fallstudien zeigen den Einfluss von FACTS (Flexible
AC lYansmission Systems) Komponenten auf die Elektrizitätspreise.
Die Resultate werden mit wirtschaftlichen Bewertungsmethoden kom¬

biniert, um die wichtigsten Faktoren zu bestimmen, die den Gegen¬
wartswert von Investitionen in neue Technologien beeinflussen.

Die Studien zeigen, dass eine genaue Modellierung des elektrischen Netz¬

werkes äusserst wichtig ist. Vereinfachte Modelle, die z.B. einen DC-

Lastfluss verwenden, liefern ungenaue oder sogar falsche Resultate. Eine

weiterer wichtiger Punkt ist die korrekte Dimensionierung der regel¬
baren Komponente. Je nach Zielsetzung ergibt sich eine andere opti¬
male Grösse der Komponente.
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Chapter 1

Introduction

The introduction defines the purpose of the project, gives an overview

of each chapter, and provides a general introduction to the topic of this

thesis.

1.1 Purpose of this Work

The purpose of this work is

• to present a framework to valuate investments in new technology

improving the performance of electric transmission systems in a

liberalized electricity market. The goal of this framework is to

model transmission networks, the behavior of market participants
and the economic performance of the project in a manner that is

sufficient for the evaluation process.

•

•

to present results from case studies applying this framework. Dif¬

ferent scenarios show the influence of input parameters on the

valuation result.

to discuss the main difficulties in evaluating the economic perfor¬
mance of new technology in an electric transmission network and

give guidance for projects applying this framework.

15



IC Chapter 1. Introduction

1.2 Chapter Overview

This thesis contains the following chapters:

Chapter 1: "Introduction" introduces the issues of today's elec¬

tricity systems in the context of liberalized markets. It discusses how

new technology, like controllable devices, can present an economic value

and how this value can be determined. Some concluding remarks are

given about how future electricity markets should be set up to provide a

good environment for the investment into new technologies. The scope

of the thesis is presented at the end of this chapter.

Chapter 2: "Congestion Management" discusses how the term

"congestion" is used in an electric transmission system. An overview of

different methods to counteract congestions is given.

Chapter 3: "Economic Models for Power Systems" presents
the basic economic models used in this project for the valuation of

controllable devices in a power system. The cash flow analysis tools

used for the actual valuation of the project are explained.

Chapter 4: "Modeling Framework" discusses the mathematical

modeling of electric power markets including the optimization methods

applied in this project. The model of a Flexible AC Transmission Sys¬
tem (FACTS) is applied, as an example for a controllable device. This

chapter also explains the determination of nodal prices in a transmis¬

sion network, ultimately resulting in cash flows for the owner of the

controllable device.

Chapter 5: "Simulation Results" compares the behavior of differ¬

ent methods to model the transmission system with the FACTS device.

The simulation results are presented for a test network.

Chapter C: "Case Studies" illustrates two case studies showing
the application of the methodology developed. The first considers the

installation of a FACTS device between France and Italy taking advan¬

tage of the price difference between these two countries. The second
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case study is based on the current situation of the electric power sys¬

tem in Slovenia. It qualitatively shows possibilities of installing a Phase

Shifting Transformer (PST) at the border to Italy.

Chapter 7: "Summary and Conclusions" presents conclusions

gained from this study and explains how research could continue on

this topic.

1.3 Today's Electric Power Industry

In recent years, higher electricity consumption and need for economical

efficiency has led to increased use of the electric power transmission net¬

work. Even in highly meshed networks like Europe this adds to the risk

of local congestions in certain transmission lines or in links of several

lines. These congestions in turn can produce significant price differ¬

ences between the areas around these congestions. Another - maybe
more visible - problem with congested networks are security concerns.

Recent events, e.g. the Italian blackout on September 28 2003 (see [1]),
brought these issues back to discussions of experts and, of course, to the

media. Eliminating these congestions by means of installing new trans¬

mission lines is normally difficult, if not impossible. It can take decades

from the evaluation of a new line to the time it is installed. Political

and environmental regulations further add to the difficulty of improving
the physical network. Also, increasing transmission capacity does not

necessarily improve the situation: Market rules will influence generating

companies to take advantage of the additional transfer capacity made

available by the new installations. This can easily lead to a congestion
situation similar to the circumstances before the transmission system
enhancement [2].

Currently, Italy pays significantly higher prices for electric energy than

the rest of Europe: the prices per kWh is often twice as high in Italy
than it is in France [3]. There are two main causes. First, the genera¬

tion pattern is different in the two countries: France has mainly cheap
production units based on nuclear or hydro power whereas the produc¬
tion mix in Italy is shifted significantly towards conventional thermal

(oil and gas fired) units. The differences in the production mix do not

necessarily cause price differences between the regions, although expen¬

sive production units may increase the overall prices if demand is high
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enough. The second - more significant - reason for the price difference

is the limited transfer capacity between Italy and the rest of Europe.
The link between Switzerland and Italy is at most times (during the

day and during the year) loaded close to its capacity limits defined by
network operators. It is the congestion that ultimately causes the price
of electricity to be higher in Italy compared with neighboring European
countries.

During recent years, the situation of the electric power market in Italy
has come to the attention of an increasing number of engineers, politi¬

cians, and decision makers due to the high prices and of course amplified
by the September 28 2003 blackout. Considering that, what hinders an

effective remedy of this sub-optimal situation? Consumers in Italy - a

high price area - form a huge party that should push for lower electric

energy prices. However, high investment costs, environmental, and po¬

litical considerations hinder progress. Another important factor is that

other parties, namely the power producers in Italy, profit from the cur¬

rent situation. This makes it difficult to find solutions all parties can

agree upon. It remains to be seen how long the current situation will

last and how long the voices of the Italian consumers can be ignored.

This example clearly shows how the electric transmission network - and

its capacity constraints - has an important influence on the economics

of the electric power market. Therefore, in a liberalized electricity mar¬

ket, the transmission capability of a transmission system represents an

economic value to the owner of the network. The Independent Sys¬
tem Operators (ISO) or Transmission System Operators (TSO) has a

natural monopoly on the network. But they are commissioned to max¬

imize the benefit for its customer while giving a reasonable profit to

the network owners. Due to physical constraints in the surrounding
network the lines are often only utilized at a fraction of their individ¬

ual limits. One possibility to increase customer benefit would be to

increase the value of the transmission lines by increasing the amount of

transported energy over these lines. Additionally, there will be a gain
in overall market efficiency, since more energy trading can take place
between regions with different price structures. Controllable devices,
such as Phase Shifting Transformers (PST) or Flexible AC Transmis¬

sion Systems (FACTS) enable the increase of the overall utilization of

the network by controlling power flows. Thus, it is possible to relieve

network congestions by increasing the Total Transfer Capacity (TTC)
over a congested link.
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Since installations of FACTS devices require huge investments with costs

similar to new transmission lines (see [4]) the effect of higher transfer ca¬

pacity alone does not necessarily justify these new installations. Clearly,
it is necessary to consider all possible aspects that add to the value of

FACTS devices in a transmission system: enhanced power flow control,

stability, increased transfer capacity, increased system reliability, and

regained controllability over the power flow for the ISOs or TSOs. Only
after taking all factors into consideration a decision can be made.

This work proposes a methodology to determine the value of a control¬

lable device. Using a simplified network model, optimization techniques
are applied to determine the electricity price in different areas. This

data is used as input for economic evaluation methodologies to assess

the value of such an installation. A special legal entity is proposed oper¬

ating the controllable device using cash investments from parties being
interested in the project, such as power producers or TSOs.

1.4 What is the Value of a Controllable De¬

vice?

Controllable devices in electric transmissions networks were very limited

until a few years ago; phase-shifting transformers and generators were

more or less the only possibilities to control the power flow in a network.

Recent advances in the field of power electronics have made it possible
to introduce FACTS systems into transmission networks. These devices

are fast enough to change the power flow considerably in a matter of

seconds.

FACTS technology, with the exception of Static VAR Compensators

(SVC) and High Voltage DC links (HVDC)1, is very young. SVCs have

been installed all over the world, because they offer an economic way

to flexibly compensate long lines interconnecting distant regions. Even

if only a few of the other FACTS devices - such as Controlled Series

Capacitors (CSC) or Unified Power Flow Controllers (UPFC) - are in¬

stalled today there will definitely be an increasing demand for control¬

lable devices in new electricity transmission systems. Today, there are a

1Evcn if HVDC systems are not always considered as being a FACTS device in

its purest sense, they are counted as FACTS devices in this work, since their func¬

tionality can be compared with e.g. Thyristor Controlled Series Capacitors (TCSC):
An HVDC link can be installed to change the power flow in transmission lines in the

surrounding area.
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few installations, helping to smooth operations mainly in countries with

long distance interconnections (e.g. UK, USA, Scandinavia, or Brazil):
These help to increase the transfer capacity of the congested links. The

overall economic value of such a device can easily be linked to the gained
transfer capacity between the interconnected regions.

In highly meshed grids, e.g. in continental Europe, the added value of

a FACTS device is more difficult to measure. Each case must be eval¬

uated individually [4]. To justify investments, it will not be sufficient

to consider only one aspect, such as the increased transfer capacity. To

evaluate the project it is necessary to include different aspects into in¬

vestigations; including e.g. increased stability due to the controllable

device. Furthermore, the liberalized electricity market will make it in¬

creasingly difficult for ISOs or TSOs to optimize their own system, since

they have only limited possibilities to re-dispatch or control (e.g. the re¬

active power output) generation units. FACTS devices can help ISOs

to regain control over the power flow within their transmission system.

Not many publications can be found analyzing, with an integral view,
the value of a FACTS device. However, several references discuss the

ideal placement of devices with specific objectives:

The authors of [5], [G], and [7] use different sensitivity indices to show

ideal placement options to reduce either real power flow over a particular
line or total system power losses, which will decrease loop flows. It is

evident that the results differ vastly depending on the objective function

chosen.

De Oliveira et al. [8] discuss the special case where FACTS devices

are applied to optimize a hydrothermal coordination problem. They
conclude that overloaded lines are not always the best locations for

installing controllable devices.

In recent years, many engineers have tackled technical problems of

FACTS devices and first installations have shown their effectiveness

in improving the operation of transmission networks. These devices be¬

come a viable option for future investments in the power sector. To

justify these installations a methodology to determine the value of a

FACTS device is needed. This methodology should help decision mak¬

ers form an integral view over different areas where such a device adds

value to an existing system.

The following sections discuss five most important areas: power flow
control - retrieve line overloading, stability - improve stability of the
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system, transfer capacity - increase transfer capacity over certain links,

reliability - reduce risk of loss of load or generation, and added value

for ISO - provide ancillary services and relocatability - the possibility
to move a FACTS device to a new location.

1.4.1 Power Flow Control

Today, electric distribution systems are normally designed based on a

(n-Insecurity criterion. This means that the system must have enough

security margins to operate even if one of the elements, e.g. a transmis¬

sion line, fails. With congested inter-regional links this normally leads

to the maximum allowed transfer capacity being considerably below the

maximum physically possible power flow.

In [9] the authors propose using a TCSC to relieve line overloads during

contingencies, which increases the reliability of the whole system. They
demonstrate the feasibility with different configurations on a 14-bus

network. In addition, they clarify that not only network configuration
and parameters influence functionality of the controllable devices but

also influence load and generation patterns. Therefore accurate load

and generation forecasts are an important part in the decision to invest

in FACTS devices.

Another example is demonstrated in [10]: By installing a TCSC or an

UPFC at one end of a parallel path the security of the system can be

increased considerably, especially the loss of load probability.

1.4.2 Stability

There are more publications available concerning increased stability due

to FACTS devices, than there are about using FACTS devices for power

flow control

Ref. [11] explains that the voltage stability can be effectively improved

by installing an UPFC using a three-machine system. The shunt branch

of the FACTS device contributes to stability even if only local signals
are used.

Control Lyapunov functions can be used for controlling series devices

for system damping only by using locally measurable signals [12]. How¬

ever, under certain circumstances (e.g. if the controller is not properly
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designed), it is possible that a change in controller reference values can

excite inter-area modes [7].

On the other hand, the authors of [13] suggest that UPFC controllers

using global information are more effective for power system damping
enhancement than those using local information. They argue that global
information has stronger observability for power system oscillations than

local information. It remains to be shown with more practical test

systems whether local signals are adequate to improve dynamic stability
with controllable devices.

Another approach being proposed by several authors is to apply mea¬

surement systems over large portions of a transmission system that are

collecting data fast enough to be used to improve system stability. These

systems require more data available from more points, more often, and

synchronized in time. Voltage and current - as it was traditionally

logged - is not enough in this case. So-called Phasor Measurement

Units (PMU) are needed that store the voltage phase angle in compari¬
son to a reference point in the network. This data collection is normally

synchronized via Global Positioning System (GPS) time stamps (see
eg- [14] [15]).

FACTS can also be used to improve power quality, such as reducing

voltage dips, phase shifting etc. In [1C] there is a good overview includ¬

ing simulation results where an UPFC is used to reduce voltage dips
and harmonics at a specific node.

1.4.3 Transfer Capacity

In the new world of liberalized electricity markets system operators have

no longer direct means - neither in short nor long term - to control

the power flow by generator dispatch, since the generating companies
decide how much energy they want to produce when and where. This

implies changes in the geographic generation-load pattern and results

in the need to change network topology, since certain paths will get

congested, and consequently energy trading transactions can sometimes

be interdicted. For the system operator there are two fundamentally
different solutions:

First, the TSO could try to alleviate the problem by giving incentives

to reduce the loading of the congested path: This could be to give

price signals based on the geographical locations (e.g. using Locational
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Marginal Prices) to encourage investments into generating units in high

price areas and - at the same time - discourage new loads in the same

areas.

Second, the TSO could invest in the physical transmission network:

Either by reinforcing the network by building new transmission lines

or adding flexible devices to leverage and control power flow. But very

often - especially in highly populated regions - building new lines is not

feasible due to environmental and political concerns. However, as shown

in [17] and [18] it is possible to use FACTS (CSC or UPFC) to improve
network performance and thus reduce load or generation curtailments

and, at the same time, reduce system losses by minimizing loop flows.

A more detailed description about these problems can be found in chap¬
ter Chapter 2 ("Congestion Management").

1.4.4 Reliability

Electric power distribution system reliability is defined as the ability to

deliver uninterrupted service to customers. The authors of [19] show

that it is possible to increase reliability for consumers considerably by

installing TCSCs at the distribution delivery point without increasing
short circuit current levels.

The same authors suggest a method to determine the change in loss of

load probability and loss of load expectation [10]. They show that the

installation of an UPFC in one of two different parallel transmission

lines significantly improves the reliability of the network fed by those

two lines.

1.4.5 Added Value for ISO/TSO

In today's interconnected electric transmission systems the problem
of timely generation is often solved by Automatic Generation Control

(AGC). AGC tells generators to change their electric power output auto¬

matically if the system frequency or tie-line powers deviate from desired

values in order to restore scheduled operation. Even if the time con¬

stants are quite long (more than ten seconds), this worked quite well to

present, since loads are mostly frequency and voltage dependent. In ad¬

dition, tap-changing transformers have a long response time to voltage
changes in the feeding network.
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However, the trend is moving into another direction. Due to increased

use of power electronics in medium and low voltage systems the loads

are becoming less sensitive to changes in frequency and voltage, which

will decrease stability margins. In addition, in some countries (e.g. Den¬

mark) considerable amount of energy is produced by non-dispatchable
units (e.g. renewable power generation). These usually do not provide
mechanical inertia to help stabilize the system.

Also, damping of inter-area oscillations will be considerably decreased

in future liberalized systems, since transmission paths will be loaded

to a higher level. The network operator (ISO, TSO) will need to cope

with these emerging problems. FACTS devices offer one opportunity to

provide short time active power to stabilize the system (see [20]).

1.4.6 Relocatability

Today, there are various commercially available FACTS devices that

are relocatable (see e.g. [21]): the main parts are built into movable

containers that can easily be transported to other locations in a net¬

work. This makes it possible for operators to reconfigure their network

according to actual needs: e.g. seasonal changes, changed load pattern.

Looking into the future, relocatability leads to new business opportuni¬
ties: Individual companies will be able to provide the service of installing
FACTS devices in an already existing system in a very flexible way.

1.4.7 Concluding Remarks

The preceding paragraphs illustrate that FACTS devices could be adop¬
ted in a wide area of applications. Static VAR compensation is already
used in many systems throughout the world, but other fields have the

potential to become even more important as the liberalization of trans¬

mission systems advances further and the TSOs or ISOs no longer have

direct control over generation.

Different types of FACTS devices can be applied for different situations.

The Static VAR Compensator (SVC) is normally installed to enhance

voltage stability; it is not well suited for increasing transfer capacity over

a congested link. However, as the name implies, it is normally installed

for shunt compensation of long transmission lines. TCSCs and UPFCs

are best suited to control power flow for increasing transfer capacity.
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The UPFC is of course the most versatile device and can be used in all

areas, but it is also the most expensive done, since it needs a series and

a shunt transformer (See [22]).

Controllable devices - especially FACTS - can help ISOs or TSOs to

increase network efficiency in various ways: to improve static and dy¬
namic stability, to increase transfer capacity over congested links, and

to reduce the risk of loss of load. All these fields have to be defined

as ancillary services to the network customers, such as generation com¬

panies or load aggregators. The true value of a device can only be

determined if an integral evaluation of gains in all of the above areas

can be achieved.

On the economic side it is necessary that cross border tariffs are well

defined in order to determine the value of a new installation. It is not

enough to define prices for net transfers, since often transfer assets of

one region are utilized to transmit energy between two other regions.
The aim has to be to design a congestion management system that will

be fair and give correct economic incentives to all actors in the electricity
market.

1.5 Scope of this Work

This section gives a general description about the motivation of the

chosen framework and its limitations.

1.5.1 Chosen Framework

The thesis presents a framework for valuating new technologies in a

liberalized transmission network. It is suitable for modeling different

scenarios of the development of future electricity prices. The price dif¬

ferences in the network are driving the need for investments in trans¬

mission assets. They are also used to produce the cash flows for the

owners of the controllable devices. How this cash flow is determined

exactly must be arranged between the TSO and the company investing
in a controllable device. This work presents one possible solution.

It is assumed that the power producers are the party interested in a

controllable device. They will profit from increased transmission capa¬

bilities to high price areas in the transmission network. In this case the
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device presents a value to the supply side of the electric power market.

Social welfare is also increased as a result of a better performing market

place.

Other frameworks, where the investment comes solely from the TSO,
are not considered in this thesis. The purpose would then be to increase

social welfare by running a controllable device. In this case, it would

present a value to the whole society.

Forecasting the exact behavior of the electricity market into the future

is very demanding and exact results cannot be calculated. However, as¬

suming competition in the system, the market will tend to move towards

highest social welfare. This process happens over several years.

This assumption justifies the application of a framework optimizing for

maximum social welfare to predict future electricity prices. It seems

to be the best valid approximation available today. However, it cannot

be too strongly emphasized, that the generated numbers only provide

guidance for the person carrying out the evaluation, and cannot be taken

as granted.

1.5.2 Chosen Controllable Device

In this thesis one type of a FACTS device is applied, a so-called Thyris¬
tor Controlled Series Capacitor (TCSC), described in detail in chapter
4. It was chosen since it is most suitable for controlling power flows in

an electric power system. In comparison to more traditional devices for

power flow control (e.g. PST) it has the advantage of a very fast output

response to changes in control values. This framework, however, is able

to accommodate different types of controllable devices easily.

1.5.3 Handling Contingencies

The dynamic performance of the controllable devices will become more

important in the future. Since transmission systems will get pushed to¬

wards their maximum capacity, a contingency (e.g. a failure in a trans¬

mission line) will require instant reaction of all affected components

leading to the necessary changes in the physical network. Ref. [23]
shows an overview of optimization methods that include contingency
considerations. The authors of [24] state the need for improved ana¬

lytical methods to handle emergency situations in emerging electricity
markets.
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In the case of a fast controllable device in a market situation, the correct

behavior in contingency situations has to be determined by extensive

analysis - which is not part of this thesis. The TSO needs to have

direct influence on the control parameters of the controllable device: in

an emergency situation a different set of control parameters needs to

be activated in order for the device to help keep the system stable. As

soon as the emergency in the network is cleared (e.g. the failed line was

brought back into operation) the controllable device can switch back to

the main task, transporting maximum energy into the high price area.

The procedures in the case of a contingency need to be defined precisely
and written down in contracts between the TSO and the company run¬

ning the controllable device. It also needs to be determined who has to

pay for the loss in profit for the involved parties.

A method to solve contingency problems using an adapted optimization

techniques is presented in [25]. The solution of the network calculations

are checked for feasibility. If it is not feasible, the network is altered (e.g.
transformer tapping, load shedding) until a feasible solution is found.

A TCSC, as proposed in this thesis, could be added to this procedure
as a controlling device during a contingency.

This thesis studies the normal operation state and does not take con¬

tingency situations into account.

1.5.4 Cash Flow Generation

In the chosen model of an independent company owning the controllable

device cash flow is produced by selling power from a low price area

into a high price area. The amount of traded energy is the additional

transported energy due to the controllable device.

Specifically in a system using locational prices, as defined in this work,
the TSO pays the owner of the controllable device for its service. The

conditions assumed in this work are presented in chapter 4.

Another source of cash flow can be the service of helping to prevent

system collapse in a contingency situation as mentioned above. This

type of service is not considered in this thesis.
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Chapter 2

Congestion Management

The efficient and reliable operation of electric power systems is the main

objective of Transmission System Operators (TSO) and is substantial

for an effective electricity market. The limitation of the Net Transfer

Capacity (NTC) of transmission lines leading to bottlenecks in networks

is one of the main research areas in this field today.

This chapter presents different methodologies dealing with network con¬

gestions. A general introduction is followed by a section about relieving
transmission constraints. The last section gives an overview of differ¬

ent methodologies presented and discusses how controllable devices can

help to reduce congestions.

2.1 Congested Transmission Networks

As the existing electric transmission systems are utilized to transport
more energy every year in a growing market place, congestions are more

likely to occur at different locations throughout the network. For ex¬

ample in Europe, there are congestions between Italy and Switzerland,
France and Belgium, France and Spain etc. It is the role of the TSO to

monitor the network closely and anticipate congestions and thus prevent

contingencies.

The reduced power flow through congested lines also limits the amount

of traded energy between areas close to a congestion. This causes price
differences in the corresponding network zones. These differences give

29
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an indication on the amount of power flow blocked by physical con¬

straints of the network between these areas. The TSO should try to

minimize the influence of the congestions on the trade or eliminate it

altogether. This could be done by reinforcing the network by build¬

ing new lines, better utilization of the complete network by controlling
the power flow (e.g. with FACTS) or by influencing the geographical

placement of new generation capacities and loads, such as the links in

question are no longer causing congestions.

The following terms are used in this thesis (as defined in [26]): The Total

Transfer Capacity (TTC) is the total maximum capacity of a transmis¬

sion line that could be allocated taking security standards into account.

From this value a Transmission Reliability Margin (TRM) is subtracted,
that copes with uncertainties on the computed TTC. The resulting value

is the Net Transfer Capacity (NTC). The Available Transfer Capacity

(ATC) is the NTC minus the Already Allocated Capacity (AAC).

2.2 Relieving Network Congestions

There are different methods to relieve congestions in an electric power

transmission network. In this work, the methods are categorized into

short-term methods, which try to relieve overloaded lines with available

network infrastructure, long-term methods, which involve reinforcement

of the physical network, and a third category that proposes the creation

of special auctioning systems for services to help reducing congestions.
A good overview of these methodologies - using a different categoriza¬
tion - is given in [27].

Congestion management methods can be evaluated by examining the

following criteria (see e.g. [27] and [28]). A well-behaved method should:

• not discriminate: Each market participant - be it a consumer or

a producer - should be treated equally and the price for a specific

good at a specific place and time should be the same for everybody.

• give economic signals: The method should give incentives to pro¬

ducers, consumers and the network operator to improve the sys¬

tems in order to relieve transmission constraints.

• be transparent: The implementation should be well defined and

transparent for all participants.
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• be feasible: The available resources (information, computer sys¬

tems) need to be capable of producing the necessary quantitative
results in the time frame available.

• be able to interact with other systems: In a real system the sur¬

rounding TSOs and their specific methodologies have to be taken

into account. The implemented system needs to interact with

other systems.

2.2.1 Short-Term Methods

Traditionally vertically integrated network operators avoided network

congestions by planning their generator dispatch accordingly. If the

occurrence of a congestion was likely during a certain period of time,

operators scheduled their production units differently by transferring

production to a unit not affected by the congestion. This technique is

only useful to prevent contingencies provoked e.g. by line outages due to

overloading. However, it does not alleviate the problem of price differ¬

ences in different areas of the network due to limited transfer capacity.

For liberalized markets there is a possibility to limit trade in the con¬

gested network. The TSO can curtail the traded energy in a way that

the link does not exceed the Net Transfer Capacity (NTC). No addi¬

tional costs will arise for the TSO but there are no economic incentives

for the market participants to reduce the effects of the congestion.

Another possibility is to re-dispatch production by the TSO in order to

relieve congestions in the TSO's own area. The North American Electric

Reliability Council (NERC) proposed a methodology called "Transmis¬

sion Loading Relief" (TLR) that describes several actions to be under¬

taken in case of a congestion including generator re-dispatching. But it

is commonly accepted that these methods are not suitable for a liber¬

alized electricity market [29].

More sophisticated schemes - although with similar effects - are the so-

called counter-trades, where the TSO pays transactions in the opposite
direction of the power flow over the congestion. The additional costs for

the TSO can be distributed among market participants. A discussion

about counter trading is available in [30].

Another possibility is to trade the surplus of production leading to the

congestion in a separate bidding round where producers enter newly
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calculated price curves. The authors in [31] present a method to de¬

centralize the congestion management of interconnected systems. A

multi-area DC-Optimal Power Flow (DC-OPF) is solved for each area

with generators bidding their cost-curves. In a decoupling stage tie-lines

between the areas are then defined. The OPF is solved for each region

independently. Then the information about the tie-line export prices
is exchanged between the regions. A new round of OPF is started by
the TSO in each region. This process is repeated until a convergence

criterion is met.

Installed controllable devices (e.g. FACTS) can also contribute to re¬

lieving congestions by controlling the power flow with special control

settings during critical overload situations [9].

Short-term methods only provide emergency services in situations where

lines become overloaded and give no incentives to the TSO to reinforce

the network or to the other market participants to choose different ge¬

ographical locations.

2.2.2 Long-Term Methods

Long-term methods are instruments or incentives that try to influence

the expansion and enhancement of the network topology over time.

One possibility is to use optimization techniques that include capacity
limits into the objective function. The lines' capacities therefore need

to be included into the optimization tool. An extra term is added to

the social welfare function, which is the sum of all transmission line

capacities multiplied by the per unit cost factor for the extension of

the respective lines. The expansion of the transmission network is inte¬

grated into global optimizations of the network operation. It is possible
to give incentives not only to changes in production patterns but also

to new investments in the transmission system. Ref. [32] proposes such

a method.

Another possibility is to give incentives to producers and consumers via

special transmission pricing. The differences between the incremental

nodal prices in the network can be used to influence new investments

by power consumers and producers. New production is more likely to

be installed at places with high nodal prices, whereas new consumers

would choose areas with lower prices. This method should then op¬

timize the geographical distribution of loads and generators to reduce
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network congestions. It will not, however, give any incentives on new or

optimized transmission assets. Ref. [33] describes two different methods

implementing this idea.

It is also possible to split the power exchange region in different areas

with limited transfer capacities. The TSO is responsible to calculate

the NTC of all lines and split the entire network into areas according
to congested lines. These areas will be assigned different pool prices ac¬

cording to their specific supply and demand pattern on the spot market.

The congestion should be relieved by the market mechanisms driven by
the different pool prices in these areas. This method is used for example
in the Nordic market [34]. Grid congestions are handled by establishing
different area prices.

The European Transmission System Operator (ETSO) proposes in [27]
an extension to the re-dispatching done by each TSO separately (as de¬

scribed above) that co-ordinates different system operators across bor¬

ders. The so-called Cross-Border Co-ordinated Redispatching (CCR)
requires strong cooperation between the TSOs. Applying this method

it is possible for one TSO to ask its neighboring operators to do re-

dispatching inside their control areas. This augments the number of

possible generators in question for the needed re-dispatching and will

therefore enable more energy to be traded without restrictions. The

re-dispatching costs will be lower than with individual re-dispatching in

each area.

Another method is presented in [35] proposing the use of optimization

techniques to determine the needed re-dispatch and load scheduling for

congestion relieve. This methods takes into account important network

limitations for bus voltages, thermal transmission line ratings and volt¬

age stability to determine the system security. Congestion costs are

then distributed among the market participants based on their respec¬

tive impact on the system security.

In [36] ETSO presents a vision on how the cross-border congestion man¬

agement could be implemented in the future. They propose the integra¬
tion of market splitting and auction based systems (see below) into one

congestion management system, which gives the market participant the

choice on how to enter the market: either via transactions (bi-lateral
contracts, long-term contracts etc.) or via a pool market or power ex¬

changes.
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2.2.3 Auction Based Systems

The third category includes methods that are based on bidding sys¬

tems. The well-known bidding phase between power producers and

consumers is supplemented with a second bidding phase. This auction

is held between the power producers and consumers on one side and the

transmission system operators on the other side. Both sides bid their

incremental cost curves for transmission capacity.

A method where the bidding round is carried out for every transmission

line is proposed in [37]. All participants are then offered to alter their

original bids again.

Auction based methods do not give any incentives to the TSOs to im¬

prove the transfer capacities over congested links by itself. However, a

system can be set up where the revenues generated by the TSO in these

auctions must be used for reinforcement of the network.

2.2.4 Locational Marginal Price Based Systems

In recent years, especially in the USA, locational marginal price (LMP)
methods are applied for calculating different prices for each node in the

system using optimization techniques. The commonly used definition of

a LMP is "the price of supplying an additional M\V of load at a specific
node of the transmission network", first introduced by the Pennsylvania-
New Jersey-Maryland (PJM) interconnection [38].

The advantage of such a methodology is based on the fact that the

transmission constraints in a given network do not have to be deter¬

mined beforehand, but are inherently defined by the calculated price
differences between different nodes. Each generator gets paid the mar¬

ginal price at the point of injection whereas each consumer pays the

price of the electricity at the place where the load is connected to the

network. Optimization techniques are used to calculate the prices at

each node in the network where the network topology, the generator
and load bidding data, transfer capacity of links, etc. are used as con¬

straints. Recent advantages in computational resources make it possible
to calculate the optimization of large networks in reasonable time.

It is possible to interpret the differences in locational prices between ar¬

eas connected through a congested link as additional congestion charges
that could then be charged to parties involved in transactions causing
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the congestion. This can be an additional incentive for the market par¬

ticipants to relieve congestions.

2.2.5 Conclusions

The last sections presented different methodologies to deal with con¬

gested networks. Depending on the method used the actual congestion
manifests itself in different ways: Methods used in the time of vertically

integrated power systems (e.g. TLR methods) are "re-active" in a way

that the actions are based on actual contingencies or near-contingencies.
The TSO then has to engage re-dispatching or other actions to relieve

the flow through over loaded lines. Traditional power flow calculations

(AC or DC) are used to determine the security margins in all (N-l)
contingencies.

Modern congestion management methods can be described as "pro¬
active": The optimal production pattern is determined by the bids of

the market participants, subject to limitations in the network, such as

e.g. line limits and security considerations. These methods prevent con¬

tingencies beforehand by including the constraints in the transmission

system into the market dispatch of the producers. The actual conges¬

tion then can be seen in the OPF as the binding constraints in the

power flows through the tie-lines. The locational marginal prices give
indications about constraints in the transmission system: By grouping

high price areas and low price areas it is possible to identify market

splittings and congested links between these areas.

Congestion management methods should improve the economic effi¬

ciency of the transmission system and thus the electric power market.

However, it is not always clear how efficiency is defined in this case. For

the TSO an effective system operation could be a transmission network

that does run reliably (security margins remain sufficient at all times).
Thus, a method that uses re-dispatching could well serve this objective.
In liberalized markets this is of course no longer the case: the overall

market efficiency (social welfare) has to be optimized. Therefore it is

necessary to introduce methods that provide economic signals to the

market participants. Methods using locational marginal prices serve

this objective very well and should therefore be considered wherever

possible in the future.

On the other hand electric power systems are evolving slowly inhibiting
drastic changes in its operations. New methodologies have to developed
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in concordance with existing systems and market rules [30].

In [39] methodologies are presented which include FACTS devices into

existing congestion management systems. It is concluded that the in¬

troduction of FACTS devices in a system where congestions occur fre¬

quently or even permanently can be very effective for all participants
of the power markets. The idea presented there is to re-finance the

installation in a minimum of time.



Chapter 3

Economic Models for

Power Systems

The following chapter gives an overview of economic models used in this

work (section 3.1). The focus is on models adequate for the valuation

of controllable devices in electric power systems. The second section

(section 3.2) describes the actual valuation process of such a device.

3.1 Introduction into Economic Tools

This section describes basic economic models used for modeling mar¬

kets in competitive systems in general (section 3.1.1). The terms used

throughout the following chapters are defined, different valuation me¬

thodologies are outlined (3.1.2), and the valuation method applied in

this study is explained (3.1.3).

3.1.1 Basic Economic Models

Before describing the actual valuation methodologies the terms used

in the following sections are defined. Since there is a vast selection of

literature about economics available (e.g. [40], [41], [42]) the topic is not

discussed exhaustively here. Nevertheless this chapter emphasizes the

relation between economic models and electric power systems.

37
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The economic market models described here are commonly applied
when dealing with markets where scarce goods are traded. This is the

case in the electric power markets: Electric energy is not available at

any quantity at any time at any place, i.e. the supply is limited. The

primary players in this system are consumers, such as industries, cities,
load aggregation companies etc., and producers, such as power plants,
decentralized production units etc. The secondary players are e.g. regu¬

lative authorities and power exchanges (similar to the stock exchanges).
They do not directly produce or consume the physically traded good -

electric energy in this case.

A market is defined as a system where the market participants - sup¬

pliers and consumers - meet and the price for the goods is negotiated
in order for the supply to meet the demand at a specific price level, the

equilibrium price. This is done by following certain market rides agreed

upon by all participants. In an ideal market the participants are under

perfect competition. Varian gave the following definition:

"A market where each economic agent takes the market

price as outside of his or her control is called a competitive
market."l

This definition is reformulated and extended as follows. A competitive
market must:

• have many participants: There are enough active players in the

market so that no participant is a "price setter". A "price setter"

is able to influence the market price by changing his offers whereas

a "price taker" has to accept the market prices and cannot influ¬

ence them by any actions. In today's electricity markets this is not

always the case for producers. Even if monopolies are non existent

there are often companies, which own large shares of the produc¬
tion units in the market. They form so called "oligopolies" where

the biggest market participants can set the clearing price of the

energy market. A typical example for this form of market power is

the original setup of the electricity market in England and Wales

[43]: After the initial liberalization of the electricity market 80%

of the generating assets were owned by two large companies. The

remaining 20% were mostly owned by a third company. This led

Mn [40] on page 289
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to very high prices due to the market power of the near-duopoly

[44]. Market rules were changed later in the U.K. to introduce

more competition into the market.

• provide perfect mfonnation to its participants: All market partici¬

pants should have equal and unlimited information about available

goods and prices at any time. In modern electricity markets this

is mostly true for energy that is traded through power exchanges.
However, the information about existing bilateral contracts be¬

tween producers and large consumers is most often not readily
available for other market participants. In some countries there

are indexes indicating the electricity prices of already committed

transactions. E.g. in Switzerland there is the Swiss Electricity
Price Index (SWEP). Also, in the case of wholesale customers the

price information is normally not provided instantly. They only
see prices, which are averaged over a long period of time (in the

order of years).

• trade uniform products: The products traded in the market should

be uniform in the sense of comparable and easily inter-changeable.
This is particularly the case for electric energy, since it does not

matter to the costumer where it is produced. Power exchanges
normally define different products for different price categories,

e.g. a certain amount of kWh during daytime on a weekday. But

there are also trends in direction of differentiating products. An

example would be to sell electric energy with a certain level of

reliability. If the product does not meet its specifications the con¬

sumer can charge the supplier penalty fees.

• have no barriers for participants to enter or exit the market: In a

perfect market newcomers should be able to enter easily. At the

same time there should be no penalty for leaving the market. In

the case of electricity markets this is most often not the case. High
investment costs and difficulties in gaining government approval
are obstacles for new producers to enter the market often prevent¬

ing new participants. Exiting the market is also very costly, since

the stranded costs can be immense.

Assuming a perfectly competitive market situation

"the equilibrium price of a good is that price where the
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supply of the good equals the demand."2.

It is also assumed that market participants behave rationally: Producers

only sell goods on the market if they are making profit and consumers

only buy from the market if the benefit they are deriving from the

transaction is higher than the price they have to pay for the good.

In Fig. 3.1 the price a consumer is willing to pay for one more unit of the

good at a certain quantity (demand) and the price at which the producer
is willing to sell one more unit at a certain production quantity (supply)
is indicated. The equilibrium point is where supply and demand curves

cross in the price-quantity plane. In Fig. 3.1 (a) it is demonstrated

how an increase in demand influences quantity and price. Before the

increase of the demand the price set by the market is Pi at the quantity

Q\. The increase in demand shifts the demand curve to the right. The

higher demand will be supplied with higher production which leads to

a new equilibrium price P-i at the new quantity Q2. The equilibrium

price is also called market clearing price. In electric power markets the

price is normally given in [./k\Vh] or [$/k\Vh] whereas the quantity is

given in [kWh].

The slew rate of the demand or supply curves indicate the price elastic¬

ity of consumers or producers. The higher the rate the less elastic is the

response to price changes. In electric power markets the price elasticity
is normally reasonable for the production side whereas consumers' elas¬

ticity is very low. Especially over a short period of time consumers will

not change their usage patterns if electricity prices change. Over longer

periods of time changes in electricity prices may very well influence

consumer behavior. Large companies may re-think their production lo¬

cations and consumers may switch to different sources of energy. This

could be changing to different energy carriers (e.g. gas) or installing
distributed generation (e.g. micro turbines). Fig. 3.2 shows the effect

of an increased demand if the elasticity is low. Compared with Fig. 3.1

(a) where the demand is shifted by the same amount AQ = Q2 — Qi
the price difference AP = P2 — P\ is much higher.

This effect can be observed in electricity markets if the demand is close

to the production limits of all generating units. Small variations in

demand lead to very high price variations due to the short-term inelas¬

ticity of demand. Fig. 3.4 shows the SWEP in recent years. The price

2Hal R. Varian in [40] on page 289
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Figure 3.1: Supply and demand curves in economic markets: Equilib¬
rium prices and quantities for two different demand curves

(a), equilibrium prices and quantities for two different sup¬

ply curves (b)

peaks in summer 2002 and 2003 result from the effect described above

with high demand close to the capacity of the electricity production.

To determine the market clearing price and the traded amount of goods
in the case of multiple market participants all marginal cost functions

of the producers and all marginal demand functions of the consumers

are added by quantity to an aggregated marginal cost function for gen¬

eration and demand. For the supply this function describes the lowest

marginal price possible to produce one more unit at a certain price level

taking into account all available producers. For the demand it describes

the quantity of goods being consumed at a certain price level. Fig. 3.3

(a) shows the marginal cost curve for the supply (dark line) that is

aggregated from two marginal cost curves (dashed lines) and the margi¬
nal demand curve that is aggregated from two marginal demand curves

(dotted lines).

The efficiency of a market can be determined by summing up the in¬

dividual surplus of all participants. For the producers this surplus is

normally the profit they make by selling the good on the market. This

is called the producer surplus, which is defined as the difference between

the generated income by selling on the market and the costs to produce



42 Chapter 3. Economic Models for Power Systems

u

CU

P2

?1

Qi Qo Quantity

Figure 3.2: Influence of a low consumer price elasticity on prices.

the goods. A competitor is making profit if the surplus is higher than

zero. In a perfectly competitive market producers will be bidding their

goods at the price of their short-time marginal cost - the cost to produce
one more unit of the good at this quantity. In the electricity market

the marginal costs differ a lot between cheap production units (e.g. hy¬
dro generation) and expensive production (e.g. gas fired units). This is

another factor leading to high price volatility as shown in Fig. 3.4.

On the consumer side the benefits are less evident, since the profit of

the consumer is not very well defined. However, the consumer surplus
is normally defined as the difference between the price the consumer is

willing to pay at a certain consumption level and what he actually has

to pay.

Fig. 3.3 (b) shows the consumers' surplus (light gray area) and the

producers' surplus (dark gray area) for a certain market situation. The

sum of these two quantities - provided that there are no other players
in the market - is the total value of the market. This sum is referred

to as society profit or social welfare.

If a market is fairly competitive all participant will act in a way to

optimize their surplus. This will lead to the maximization of the total

social welfare over a longer period of time. In this research, the elec¬

tricity market is assumed to be competitive. Therefore, social welfare is

applied as the objective function in the simulations using optimization

techniques.

For a specific market situation these areas are of maximum size if the
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Figure 3.3: Social welfare: Aggregation of marginal cost and demand

curves (a), consumer and producer surplus building the so¬

cial welfare(b)4

quantity traded is equal to the projection to the abscissa of the inter¬

section between demand and supply curves in Fig. 3.3.

3.1.2 Valuation Methodologies

This section gives an introduction to the valuation of companies apply¬

ing commonly used methods. The methodology presented here takes

the free cash flows between the different parties - company, investor,
and environment - as an input for the valuation method.

The valuation of a company is normally carried out by taking into ac¬

count the capitalization of the income of the investors, the profit dis¬

tribution, the cash flows, or the profits. The investor expenses are the

capital invested into the company - whereas the profit payouts and

capital back payments is the income of the investor [41].

On the other hand the company has expenses for investments and run¬

ning costs to its environment (clients, suppliers) and generates profit
from its incomes.

4In common markets consumers will not pay any price for the traded good. There

is a natural price maximum above which nobody is willing to buy on the market

anymore. Therefore the consumer surplus will never be infinite as it may be seen

from Fig. 3.3.



44 Chapter 3. Economic Models for Power Systems

300 i

3.1.2002 3.7.2002 3.1.2003 3.7.2003 3.1.2001 3.7.2001

Figure 3.4: Swiss Electricity Price Index (S\VEP)J

The actual evaluation has to take place if an investor needs to make

investment decisions. The value of this investment is based on the

total shareholder return of a certain investment. This cash flow back to

the investor is hard to determine in typical cases, since the underlying

processes are far too complex and uncertain to be anticipated.

Therefore approximation values are typically predicted. They can be

simple profits, or - more detailed - free cash flows. As described in [41]
the value of a company is influenced by its ability to generate cash flows

over longer periods of time. The ability to generate cash flows in turn

is influenced by the long-term growth and by the returns earned from

the invested capital compared with the cost of capital.

The method typically used to determine the value of a company via its

cash flows is called Discounted Cash Flow approach (DCF) [41]. There

are different types of DCF methods available, such as the Adjusted

GData available on-line at http://www.atel.ch/products_services/Info_
Center/SWEP/



3.1. Introduction into Economie Tools 45

Present Value model, which is used to valuate companies with changing

capital needs, the Equity DCF model, which is suitable mostly for in¬

surance companies. The Enterprise DCF is applied here, since it is the

most widely used technique in practice and is well suited for the type
of application described in this study.

3.1.3 Enterprise Discounted Cash Flow

The Enterprise DCF method is discussed in various publications (e.g.
[41] or [45]). A short overview of the most important steps is given here.

The description is adjusted to the specific needs of this research project
in the field of investment into new technologies in liberalized electricity
markets. The Enterprise DCF is chosen, because it is well suited for

a project, which is financed only through debts and since only little

financial market sensitive data is required.

The Enterprise DCF method can be explained using four separate steps:
The projections of future development of the company in question (1) -

the DCF itself (2) - the consideration of different scenarios using risk

management and additional shmdations (3) - and finally the verification

of the rcsidts (4).

A formal description is given in section 4.4 ("Economic Models of the

Valuation").

Step 1. Projections into the future It is important to gather as

much information possible from past data in order to make the best as¬

sumptions about the future. This includes past data from the company

itself, publicly available data from similar environments, research, and

knowledge from the company.

This pool of information is then employed for projections into the future.

Growth and market analysis need to be carried out, as well as analysis
of the development of gross margins.

At this point the valuation time frame has to be fixed for the project.

Typically a number of years (e.g. 20 years) are modeled in detail. After

this period a continuing value of the company is determined. This

represents the value of the company at the end time of the valuation

period.
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Step 2. Discounted Cash Flow The detailed analysis carried out

above can now be used to calculate the free cash flows of the company

during the valuation period. Copeland gives a formal definition of free

cash flows:

"Free cash flow is equal to the after-tax operating earn¬

ings of the company, plus noncash charges, less investments

in operating working capital, property, plant and equipment
and other assets."0

The DCF is carried out in four different phases:

First phase: For each valuation period the free cash flows are determined

using the outcomes of the projected performance of the company. In

short words this is the after tax operating earnings of the company

minus the investments. The free cash flow can be used for paying back

debts, paying interest rates, distributing dividends or to increase the

liquidity of the firm. The difficulty in this step is to forecast realistic

data.

Second phase: For the second phase the gross profit of the company is

discounted by the Discount Factor (DF). As the project considered is

financed completely through debt, the DF can be calculated for each

year using the cost of borrowing money and the tax rate. These param¬

eters have to be chosen carefully for each project. The goal of this step
is to calculate the total costs of the capital used. This value, which is

also called Weighted Average Cost of Capital (WACC), is an important

input for the next step.

Third phase: Now the final value of the project can be calculated by

summing the gross profit of each year discounted with the WACC of

the DF. The Return of Invested Capital (ROC) should be similar to the

WACC.

Fourth phase: In the last phase of calculating the DCF the value of the

net equity has to be determined. This value is accumulated from the

final value of the project minus the interest-bearing borrowed capital.

Step 3. Scenarios and Simulations After the cash flow analysis
is carried out, "what-if" scenarios or parameter variation simulations

should be carried out to be able to determine the sensibility of the

6in [41] on page 131
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results to certain input parameters. In the case of evaluating projects
in the field of electric power systems one has to estimate how likely
the regulations of the power market will change in the future, what

the changes are for new production units being installed in different

areas of the network, how load patterns will change, how increased

price sensitivity of consumers will influence the results etc.

Step 4. Verifying the Results In the last step of the Enterprise
DCF method the obtained results from the previous steps will be re¬

viewed carefully in comparison with available data. Two examples shall

be given here:

• Swiilar Projects: Compare the results with the actual results of

similar projects. In the case of controllable devices in power sys¬

tems this could be to compare a FACTS project with e.g. an older

project where phase-shifting transformers were used. But there

might also be data available about projects that were never actu¬

ally implemented, but have published results of their valuation.

• Compare financial characteristics: Compare the important finan¬

cial numbers of the project with data available form the financial

markets. Look at financial transactions carried out by comparable

projects in the past.

3.2 Determination of the Value of Control¬

lable Devices

In this project the valuation of a controllable device in an existing elec¬

tric power system is performed in four steps: The projections of the

performance of the device in the power market (1) - the application
of the DCF analysis of the financial outcome (2) - the consideration

of different scenarios on how the power market might evolve (3) - and

finally the comparison with similar projects (4). The following sections

discuss these evaluation steps.

3.2.1 Performance Projections

For the calculation of the economic performance of the project (see
next section 3.2.2) a detailed knowledge of the technical performance is
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needed. In this project it has to be determined how the installation of

a controllable device can generate cash income during the productive

years. In an electric transmission network with congested links the

installed device can produce income by transporting energy from a high

price area into a low price area. The income produced is the increase

in transported energy times the price difference between the areas.

This network is modeled using the market setup described in section

3.1.1. This allows calculating electricity prices under different load con¬

ditions and different characteristics of the installed device. Section 4.2

("Modeling Congested Networks") explains the methodology applied in

the case studies. This tool allows the simulation of different changes in

the market over the lifetime of the device.

3.2.2 Economic Analysis using DCF

To determine the economic value of the controllable device a special
framework is chosen to be able to estimate the potential benefits of

investing in new technology like FACTS devices. The benefit of the

project is directly linked to its ability to generate free cash flows. There¬

fore it is important to predict the future cash flows as accurately as

possible (as described in the preceding section 3.1.2).

The controllable device shall not be valuated as part of a larger company,
but as a separate independent firm, which will allow for calculating
the value of the device only. The entity used for this methodology
is commonly called Special Purpose Vehicle (SPV). This company is

a separate entity legally independent from the investors. In the case

of a controllable device the investors could be the power producers or

the TSO, but the SPV will be legally independent. This is necessary

to comply with the regulation that generating companies need to be

financially separated from companies working in the field of electricity
transmission. The SPV borrows the full amount of capital it needs

to fund the project from the power producer. It then buys electric

energy in the low price zone and sells it in the high price zone. The

cash flow is in the opposite direction: the SPV produces income from

selling energy in the high price zone and gives back profit to the power

producer company (see Fig. 3.5). Investing in this type of project is very

attractive for power companies: the project will enhance the market

by allowing more energy being traded to high price areas and power
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companies are having the necessary resources to get involved in projects
with high initial investment costs.

Investor

in low price zone

FACTS SPV

100% owned by
investor

Customer

in high price zone

Power

Sale

Power

Re-Sale

"

Profit "Payment

Figure 3.5: A Special Purpose Vehicle (SPV) is used as business model

A different approach could be to evaluate the FACTS project as a com¬

pletely independent company, which sells the improved transmission

capacity as a service to the market participants. An ancillary services

market would need to be setup. In this case, however, the company has

to find the necessary investments for the initial costs on the financial

market. Since these investments are huge in the case of controllable

devices, it is difficult to raise the requisite sum of money. This study
concentrates on the application of a SPV to operate the controllable

device.

Using this framework the cash flows of the SPV can be determined

for each year during the valuation period. As described in 3.1.3 the

Enterprise DCF method is applied. It discounts the future free cash

flows to be able to calculate the present value of the project.

The mathematical formulation is described in more detail in section 4.4

("Economic Models of the Valuation").

3.2.3 Comparison with Similar Projects

In the last step of the valuation the obtained results should be compared
with similar projects as described in step four of section 3.1.3. In the

field of electric power systems the application of "value-at-risk" simula¬

tions gain in importance. This is particularly important in the case of

the valuation of controllable devices. This thesis presents some scenar¬

ios to assess uncertainties in the future development of the underlying
electric transmission system in chapter G.





Chapter 4

Modeling Framework

This chapter presents the framework used for valuating a controllable

device installed in an electric power system. In section 4.1 the optimiza¬
tion method used in this setup is described. Section 4.2 explains the

different methods used to model the electric power market including the

transmission network. Four different methods are presented, each with

different levels of simplification of the properties of the underlying net¬

work. Section 4.4 shows the methodology used to model the economical

valuation. The last section (section 4.5) presents an overview of the full

model integrating the different tools.

4.1 Optimization Methods

As described in section 3.1.1 ("Basic Economic Models") the behavior

of the electricity market is modeled by optimizing for social welfare.

The modeled price differences for different scenarios are utilized for the

actual valuation of the controllable device. In this study a perfectly
competitive market is assumed, where all participants behave rationally,
have full and free access to market information and producers bid their

marginal cost curves.

The reasoning behind this assumption is that liberalized power markets

are moving towards full competition, if a sufficiently long period of time

is considered. Even if competition is not perfect looking at a time

span of e.g. one year, market mechanisms will move the system towards

51
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maximum social welfare over several years. Thus, applying a model,
which optimizes for social welfare, is appropriate for studying future

behavior of electric power systems.

As this research is aimed at the planning stage of projects introducing
new technology in an existing network, the main goal is to find a global

optimum for social welfare. The time efficient implementation of the

optimization algorithm is not of major interest here1. Although it could

become necessary to improve calculation speed to be able to compute

numerous scenario variations e.g. for Monte Carlo simulations.

The non-linearity of the power flow equations, the cost curves of genera¬

tors as well as the modeling of the Thyristor Controlled Series Capacitor

(TCSC) device result in an optimization problem that has a non-linear

objective function as well as non-linear constraints. Karush [47] and

Kuhn and Tucker [48] provide the optimality conditions for a non-linear

constrained optimization problem but do not provide a solution algo¬
rithm. The Matlab "Optimization Toolbox" [49] is used in this thesis

to solve this problem. It is not the scope of this work to go into detail

about the optimization algorithms applied.

However, it should be noted that the optimization of electric power sys¬

tems does not meet the conditions set by Karush and Kuhn and Tucker,
since the objective function is not smooth and convex and since the cost

curves of generators are usually of a quadratic form and the production

output has upper and lower limits. The next paragraphs describe algo¬
rithms that are suitable for modeling electric power markets.

The problem of optimizing a system involving the power flow equations
is known as an Optimal Power Flow (OPF) problem. The OPF in this

study is optimized for social welfare, subject to transmission constraints,

generation limits, and TCSC limits. The mathematical setup is of the

form:

minimize f(x) x E Rn

subject to Ax — 6 = 0

Cx - d < 0

9i(x) = 0

hj{x) < 0.

^or on-line simulations needed by e.g. TSOs, the requirements are different. The

performance of the calculations is of great importance. Systems applicable in this

case are described in [G] and [46].

(4.1)
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where f(x) is the objective function, Ax — 6 = 0 the linear equality

constraints, Cx — d < 0 the linear inequality constraints, gi(x) = 0 the

non-linear equality constraints, and hj(x) < 0 the non-linear inequality
constraints.

Traditionally, there are two different approaches - called class A and B

- applied to solve the OPF:

• Class A: For this type of algorithms, the power flow equations
are solved separately from the actual optimization in an iterative

process. The first power flow solution is taken as a starting point
for the optimization algorithm. The originating non-linear prob¬
lem is approximated at the operating point of the solution of the

power flow sub-problem. The resulting approximated optimiza¬
tion problem is solved in the next step. The solution thereof is

then fed into a new iteration of the power flow calculation. This

is repeated until the convergence conditions are met.

• Class D: This class of algorithms integrates the power flow equa¬

tions into the optimization problem as non-linear equality con¬

straints. There is no additional iteration needed, as it is the case

for Class A methods.

Class A algorithms can be applied if there are already well-proven power

flow solvers implemented. For example TSOs are using traditional

power flow calculation engines for their network in order to supervise
the security of the system. These engines can be incorporated into a

Class A algorithm. The constraints are linearized and the objective
function is approximated with a linear or quadratic function. Class A

algorithms use Linear Programming (LP) or Quadratic Programming

(QP) to solve the optimization problem.

Class B algorithms include the full formulation of all optimality condi¬

tions. The power flow equations are a significant part of the equality
constraints. Therefore, this class is not very suitable to calculate net¬

works with a large number of nodes or for studies that need to be done

in real time. However, for the purpose of planning future developments
as it is done in this study, they are well applicable. Thus, this type of

algorithm is chosen here.

For Class B algorithms a couple of methods can be applied, like the

Augmented Lagrangian method or Interior Point algorithms. The Mat-

lab "Optimization Toolbox" uses Sequential Quadratic Programming
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(SQP) to solve this type of non-linear constrained optimization. The

SQP method is also known as the "Lagrange-Newton Method".

The SQP method is a state of the art non-linear programming algo¬
rithm. It can be compared to the Newton's method used for uncon¬

strained optimization, since the SQP methods uses a similar approach
for constrained problems. Only a short introduction about the method¬

ology of the SQP will be given here. A detailed description about this

algorithm can be found in [50].

For the solution of constrained optimization problems as defined in

Eq. (4.1) the aim is to find an unconstrained sub-problem. The op¬

timal solution of the sub-problem therefore has to be in the constrained

area defined by the original problem. One way to achieve this is to apply
an iterative process to solve parameterized unconstrained optimizations

using penalty functions near or beyond the constraint boundary of the

original problem. But this method of solving the sub-problem is con¬

sidered to be relatively inefficient and is superseded by methods solving
the Karush-Kuhn-Tucker (KKT) conditions, which are the necessary

optimality conditions of the constrained optimization problem.

To solve the general problem:

minimize f(x)
subject to gi(x) = 0 i G A (4.2)

hj(x) < 0 jeB

where A is the set of non-linear equality constraints and B the set of

non-linear inequality constraints, the Lagrangian function is formulated

as:

£(z, A) = f{x) - Y, Ai • 9i(x) - J2nj • hj{x), (4.3)
* 3

from which the first order necessary KKT conditions are obtained. They
are in this case defined as:
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dx
l

dx J Ox

gi(x) = 0

fijhj{x) = 0 (4.4)

hj(x) < 0

fij < 0.

where A{ are the Lagrangian multipliers for the equality constraints and

fij the Lagrangian multipliers for the inequality constraints.

The SQP method mentioned above solves the problem defined by the

KKT conditions. It attempts to compute the Lagrangian multipliers

directly. A QP sub-problem is solved for each iteration by linearizing
the non-linear constraints and an approximation of the Hessian matrix2

of the Lagrangian function is calculated by applying a quasi-Newton

methodology.

4.1.1 Objective Function

The methodology described here is similar to what was applied in [51]
and is based partly on [52].

As the objective function the social welfare is used, as it is explained
above. It is defined as:

SW= Y,Bi(PLi) -\.px + \.px -J2Cj(PGj) (4.5)
j

"V"

CS ps

where:

• S\V is the social welfare,

• Di the amount the consumer i is willing to pay for the power Pii,

• Pi. the power consumed by load i,

2The Hessian matrix is the symmetric square matrix of the second partial deriva¬

tives of a scalar-valued function. Here it is the matrix of the second order derivatives

of the Lagrangian function C.
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• Cj the generator j's cost to produce the power PGi,

• PGj the quantity of power produced by generator j,

• A the price at the intersection of the consumers' and producers'

aggregated marginal cost curves.

• P\ the power at the intersection of the aggregated marginal cost

curves.

The term CS represents the consumer surplus and the term PS the

producers' surplus (their profit).

Typical optimization algorithms minimize the objective function. Thus,
the objective function to be minimized is:

J(.Pl,,Pg,) = I>(ft.) - ECi(^) ('1-6)
* 3

The cost curves of the generators are defined as quadratic functions (the
index j is omitted in the following equations to increase legibility):

C{PG) = a0 + al.PG + a2'PG (4.7)

These functions have to be monotonously increasing and convex to en¬

sure a global maximum. Fig. 4.1 shows the quadratic cost curve (a)
and the resulting marginal cost curve for a typical supplier (b). It is

assumed that the suppliers bid continuous marginal cost curves.

Concerning elastic demand, the specification of such a quadratic func¬

tion is not appropriate, since the data needed for the determination of

the coefficients is normally not known. Therefore, the maximum power

consumption P£iax and the marginal price per kWh the consumer would

pay for this quantity pin are defined. Accordingly the minimum power

consumption P£mn and the marginal price per kWh pr£ax are defined.

The quadratic benefit function of a consumer then becomes (omitting
the index j for legibility):

B(PL) = 6i • PL + b2 • Pi (4.8)
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Demand [k\V] Supply [kW]

(a) (b)

Figure 4.1: Cost function for generators: Quadratic cost curve (a), cor¬

responding marginal cost curve (b)

where

6j = Pax • m + plun

b2 = -m/2

m —

„max „mm

1'L

pmax ptnin
Li Li

(4.9a)

(4.9b)

(4.9c)

The parameter m is the slope of the line between the point (P£nm, pax)
and {Piax, p"1) as illustrated in Fig. 4.2 (a). The quadratic benefit

curve resulting from the integration of the marginal price curve is shown

in Fig. 4.2 (b). It has to be monotonously increasing and concave to

assure a global optimum for the optimization problem - ignoring the

limits. This assumption can be justified by the expected behavior of

consumers: The benefit function is increasing, since the consumer will

pay more for a higher quantity consumed. The concavity results from

the fact that consumers will try to first satisfy the power needs for

processes, which produce the highest benefit. Therefore the change in

benefit of buying more power diminishes for higher loads.

4.1.2 Interpretation of the Lagrangian Multipliers

This section explains how the Lagrangian multipliers of the optimiza¬
tion problem described above are interpreted in the context of an OPF

problem optimizing social welfare.
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p
min

p
max Demand [k\V]

Li Li

(a)

Demand [kW]

(b)

Figure 4.2: Price and benefit functions for consumers: Maximum and

minimum prices are set for minimum and maximum con¬

sumption (a), corresponding quadratic benefit function (b)

Let /' be defined as the minimal value of the objective function of the

sub-problem defined by the first order necessary KKT conditions in

Eq. (4.4) with an optimal solution x'. From Eq. (4.4) A can be derived

as:

A = 2i
Og

(4.10)

In optimization theory A is known as the sensitivity measure of the

objective function / subject to the equality constraints. In an OPF

problem the equality constraints g(x) = 0 describe the balance of active

and reactive power (or also demand and supply) at each node of the

network as explained in more detail in section 4.2. If this equality is

perturbed with a small constant e - which could be an additionally
produced unit of electric power - a new optimization problem results:

0£_x0i_
dx Ox

g(x) - c = 0.

(4.11)

The optimal solution of this problem will be /" and x". Analogous to

Eq. (4.10) A can now be approximated as
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F - F'
A =

. ,/ , /„. r. (4.12)
flW

- (g{x") - e)

If the difference between the solution vectors x' and x" is small enough

Eq. (4.12) can be approximated with:

e

In the case of an OPF optimizing for social welfare, / has a monetary
unit - being the sum of all producers' profit and consumers' benefit. If

e is a small change in power consumed or produced, A denotes the sensi¬

tivity of the social welfare to changes in the production or consumption
at a certain solution x of the optimization problem. On the demand

side, a consumer who wants to buy an additional unit on the market at

a specific moment in time, has to pay A monetary units to receive the

additional unit. On the supply side, a producer will receive A monetary
units if he can sell one more unit of the good at the current market

situation. Therefore the Lagrangian multipliers A are called rnarginal

prices and are expressed in [U/ unit of good]3.

For each equality constraint a marginal price is calculated for a spe¬

cific solution of the OPF problem formulated. This leads to marginal

prices for each node of the network. Thus, by using the optimization
method described in the preceding paragraphs it is possible to calculate

Locational Marginal Prices (LMP) in the network. The differences in

these prices together with the increase in transmitted power is used to

calculate the cash flow produced by the controllable device installed in

the electric transmission system. Schweppe describes in [53] the theory
of spot pricing of electricity, which forms the theoretical basis for LMP

based methodologies.

The LMPs consist of three parts: the marginal costs for production,
the marginal costs for losses and the marginal costs for congestion at a

specific node. If there are no losses and no congested transmission lines

in a network, the LMPs are equal for each node. In this case the total

amount of earnings of the producers and the total amount of payments

by the loads is equal too.

If losses are taken into account or the system has constrained transmis¬

sion paths the LMPs are no longer equal throughout the network. This

(4.13)

3The unit symbol [O] denotes a general monetary unit, e.g. .
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results in higher energy prices at nodes with limited import capacity
from areas with cheap production.

In such a situation the total payments made by each load i are:

CFL = YJ?Li\i (4.14)
i

Compared with the total earnings made by each generator j

CFG = ÇPGjAi (4.15)
3

they are always equal or larger'1:

CFL > CFG (4.16)

The difference

CFC=CFL-CFG (4.17)

is called Congestion or Transmission Charge. In a pool market it can

be collected by the TSO.

Part of this congestion charge is used to pay the company running the

controllable device. The amount paid to the company is the price differ¬

ence between the nodes where the TCSC is installed times the amount

of additional energy transported towards high price areas due to the

TCSC.

4.1.3 TCSC Model

The TCSC is modeled as a series capacitor C in parallel with a thyristor
controlled inductor L as shown in Fig. 4.3. Details about the modeling
of FACTS devices can be found e.g. in [54].

For the optimization the TCSC is mathematically defined by its relation

between the firing delay angle and the resulting series reactance X^sc
as shown in Fig. 4.4.

4the term CF stands for cash flow
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H

XC=X\XL

K\

H>i

Figure 4.3: TCSC model

The susceptance DTCSC (= X^sc j is calculated as:

7T
(4.18)

where Bl is the susceptance of the inductor L and BG the susceptance
of the capacitor C of the TCSC as shown in Fig. 4.3. Bl and BG are

defined as in Eq. (4.19). This presents the model for the fundamental

system frequency equivalent.

Br.=
1

o;L'
Bc = -uC (4.19)

Bl has a positive and BG a negative value. The resulting reactance

XmnSC 1S shown for a thyristor firing delay angle between 0° and 90°

in Fig. 4.4 as the solid line for the inductive ( X^sc > 0) and the

capacitive ( X^sc < 0) region.

The firing delay angle a can be controlled between 0° and 90°. This

results in a minimum reactance in the inductive region Ar£mjn and a

maximum reactance in the capacitive region XGmax defined as:

X
1 1

Lrnin —

1/XL + 1/Xc BL + Bc

Xcmax = Xc = l/Bc

(4.20a)

(4.20b)

These values can be found by setting a in Eq. (4.18) to 0° and 90°,
respectively.
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Figure 4.4: Operating range of a TCSC (solid lines) and allowed regions
for the reactance (bold lines)

The TCSC has a resonance angle ares where the resulting inductive

reactance is in resonance with the capacitive reactance. A security

margin 5 must be kept around the resonance angle aTlres-

a < ares — à" and a > arCs + S (4.21)

In Fig. 4.4 the resonant angle arcs is indicated as a dotted vertical line

and the reactance in the inhibited operational region as dotted part of

the curve.

The outer limits Xmin and Xmax have to be calculated using the res¬

onance firing delay angle arcs <d the security margin 5. These con¬

straints are included in the optimization problem as linear inequality
constraints (see section 4.1.4).

A simplification is made for the constraints of the TCSC reactance in the

resonance area. Looking at Fig. 4.4 the parameter XTCSC is constrained

by:

y-TCSC ^ v _,.,, VTCSC ^ v (4.22)

The values of XGmax and XLmin are normally not equal. This has

proven to present an additional difficulty for the optimization algorithm.
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Therefore Eq. (4.22) is simplified as shown here:

xtcsc < x^s and xtcsc > Xres (4 23)

where

AVes = max(ArLTrlin, -XGmax) (4.24)

This results in a non-feasible area of the reactance XTCSC around zero

that is equally large in the positive as in the negative part. These

constraints are included as non-linear inequality constraints (See section

4.1.4).

4.1.4 Constraints

This section discusses the constraints of the optimization problem com¬

mon to all methods in section 4.2. The difference between these methods

lies in the modeling of the power balance at each node. Different ap¬

proximations are applied for the methods described. The constraints

are organized in linear equality, linear inequality, non-linear equality,
and non-linear inequality constraints.

Linear Equality Constraints There is only one linear equality con¬

straint (Ax — b = 0 in Eq. (4.1)) in the model: the voltage angle for the

reference node is set to be zero.

(j>rcf = 0 (4.25)

Linear Inequality Constraints The linear inequality constraints

(Cx — b < 0 in Eq. (4.1)) are defined by the upper and lower pro¬

duction limits of the generators and the upper and lower consumption
limits of the loads.

punn < pGi < pmax ^^

pmin < p^ < pmax ^^
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For the TCSC the reactance has to be limited in an area defined by
Xmin and Ar„iax as shown in Fig. 4.4:

Xmin < Xtcsc < Xmax (4.28)

These inequality constraints define the outer limits of the TCSC reac¬

tance. The region is further constrained by the non-linear inequality
constraints defined by Eq. (4.22). The parameters Armtn and ArTnax are

calculated as

Xmin = XTCSc(0Crcs + 5) (4.29)

Xmax = ^TCSc(ocrcs ~ à) (4.30)

where the function Xtcsc(') is the inverse function of susceptance func¬

tion B(-) defined in Eq. (4.18). The value of this function cannot be

solved formally and a numeric approximation is used for the optimiza¬
tion algorithm.

Non-linear Equality Constraints For the non-linear equality con¬

straints (gi(x) = 0 in Eq. (4.1)), section 4.2 provides the detailed de¬

scription for each of the different models of the electric transmission

network. These constraints contain the power flow equations for each

node in the network: the sum of the injected power flowing into a node

has to match the power consumed by the loads and flowing out of the

node through the transmission lines.

Non-linear Inequality Constraints The non-linear inequality con¬

straints (hj(x) < 0 in Eq. (4.1)) are given by the transmission capacity
of the transmission lines and by the physical limits of the TCSC. For

each line the limits are defined by

\Um2g,nn - UmUnbmn sm{5mn) - UmUngmn cos(<5„m)| < PrT (4-31)

where
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• Um: is the voltage at node m,

• gmn- the series conductance as defined in Eq. (C.5),

• bmn: the series susceptance as defined in Eq. (C.6),

• 5mn: the voltage angle difference between node m and n, and

• PmnX'' the maximum power flow through the line rrm.

If a TCSC is built into the line between node m and node n the reac¬

tance between these two nodes is composed of a fixed part ArT^"e and

a controllable part Xj^sc, which is determined during optimization.
Please refer to appendix C.l for more details.

The reactance XTCSC is kept within the limits defined by Eq. (4.21) as

shown in Fig. 4.4 in section 4.1.3 by adding the corresponding non-linear

inequality constraints shown in Eq. (4.22).

4.2 Modeling Congested Networks

The network for the transmission of electric energy is modeled via the

power balance of each node in the network: the sum of all power flows

- both active and reactive - injected into a node minus the power flows

extracted from the node has to be zero. The transfer capacities of

the transmission lines are modeled via optimization constraints on the

power flows between nodes.

Generators are considered to be committed at all times and do not have

a minimum output limitation. The Unit Commitment problem is not

discussed in this work, but the mathematical set-up as it is shown in

the last section, allows including this problem formulation.

By using Locational Marginal Prices (LMP) in the network the costs for

the transmission of energy over a certain line can be derived directly.
The transmission price results from the transported energy times the

price difference of the connected nodes. In such a system this cost is

indirectly paid by all market participants. Thus, a TSO has to setup

an additional measure to collect transmission charges. One possibility
would be to add a cost function for each transmission line, which would

produce the income for the TSO. This additional cash flow could be
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used to further expand the transmission system. This approach is not

considered in this work. It could easily be introduced into framework

adding to the cash flows.

4.2.1 AC Power Flow Model

The non-linear equality constraints are defined by the active and re¬

active power balance in each node in the network. For node m the

non-linear equation is defined as:

- Um 2J (UmOmn ~ Unbmn sm(6mn) - Ungmn cos(ömn))
ricon

= 0 (4.32)

for the active power and

Qöm ~ QLm

- Um 22 (-Umbmn + Unbmncos(ömn) - Ungmns'm(ömn))
tlcon

= 0 (4.33)

for the reactive power, where

• JZ„ '• is the sum over all nodes n connected to node m

• PGtn: the active power generated at node m,

• QGrn: the reactive power generated at node in,

• PLm : the active power consumed at node in,

• QLm'- the reactive power consumed at node in
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• ömn: the voltage angle difference between node in and n,

• Um: the voltage at node ra,

• 9mn- the series conductance as defined in Eq. (C.5), and

• bmn: the series susceptance as defined in Eq. (C.6).

The resulting reactance of the TCSC is entered in the series conductance

and susceptance of the corresponding line by defining Armn = Xj^f +
XmnSC as in E<1- (C.16). See appendix C.l for details about the TCSC

reactance and the approximations applied.

The algorithm adjusts the dispatching of the generators, the flexible

loads and the settings of the TCSC in order to maximize social welfare.

The network is described as lists of generator, loads, lines and TCSCs

with the associated nodes and respective parameters. The setup is very

flexible allowing efficient simulation of parameter variations - e.g. the

size of the TCSC, the load pattern, but also physical network changes.

In section 5.1 some simulation results applying this model to a test

network are presented. Applying the same OPF algorithms to a smaller

network is presented in [55].

4.2.2 DC Power Flow Model Including Losses

The AC power flow model described in section 4.2.1 is the most detailed

model. However, it is not always feasible to calculate the full AC power

flows due to constraints in computing power especially for large net¬

works. One simplification commonly applied is to assume voltages to

be near 1 p.u. and voltage angles differences between nodes to be small.

Thus, the power flow through a line can be approximated with

UmUnSHO„,-on) ^0^ (4iM)
A-mn Amn

since UmUn ~ 1 if the voltages are close to 1 p.u. and sin(A0) ~ AO

if AO is small. This simplification reduces the computation time signif¬
icantly. But it also reduces the accuracy of the power flow calculations

drastically.
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Applying these approximations to Eq. (4.32) the non-linear equality
constraints for the active power balance results in:

• •con "con

The losses of the transmission lines are associated in two equal parts

to the nodes the line is connected to. Since the voltages are considered

to be close to 1 p.u. and the angle differences 0m — 0n to be small, the

reactive power flow in the network can also be neglected.

The limitation of the transfer capacity through the transmission lines

is simplified accordingly to:

< PS? (4-36)

The rest of the constraints and the objective function stay exactly the

same as for the AC power flow described in section 4.2.1.

Some results applying this model are presented in Appendix B.l on page

113.

4.2.3 DC Power Flow Model

A further simplification of the model is to neglect the losses. Thus,

setting the forth term of Eq. (4.35) to zero leads to the non-linear5

equality constraints:

pGi -pu-y. 0jnf^=° (4-37)
Amn

"con

As explained in the previous section, only active power is considered.

This simplification of the calculation of an electric power system is com¬

monly known as the "DC Power Flow Model" - since its behavior can

be compared with a direct current electric circuit [53] - or as linearized

power flow model.

5this constraint is non-linear, since the term A'mn is non-linear if a TCSC is

included in the corresponding line.

"m Vn
= 0 (4.35)

mn

"m "n

V
st-mn
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Except for the non-linear equality constraint shown above, the same

objective function and constraints are applied as described in section

4.2.1.

A comparison of the DC power flow model with the more detailed mod¬

els described above is presented in section 5.1.

4.2.4 "Copper Plate Model"

This section describes a highly simplified model. The electric power

system is divided into regions with limited transfer capabilities between

them. The physical networks inside those areas are not modeled. This

represents a "Copper Plate Model" in different areas with transmission

constraints between these areas (also known as Super Node6 model).
Fig. 4.5 shows such a setup for three regions. Region A, for example,
has the export limit of EA and the import limit of IA. The import and

export limits are normally set to the same value for one region (Ez = Iz

for region z).

Figure 4.5: "Copper Plate Model" using Super Nodes

The reactance and resistance of the transmission lines are neglected,
and thus also the losses caused by the transmission. Only active power

is considered flowing through the links between the regions. The Lo¬

cational Marginal Prices (LMP) are only determined for each region or

Super Node.

6A Super Node is a simplification of parts of the network, where the power flow

inside the area is neglected and only exchanges with other Super Nodes are modeled.
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The idea behind this model is that an algorithm using optimal AC Power

Flow (OPF) is often unnecessary complex for the purpose of valuating
investments in new projects. The amount of data needed for an exact

and complete OPF is immense and often not available at all or not

available at the accuracy needed.

To model these zones mathematically, the OPF problem formulation is

expanded to include these maximum transmission capacities.

Export constraint: ^ PGj - ^^ ^ EZ O*-38)
3 i

Import constraint: ^ PU ~ X] PGj < ^ (4-39)
i j

where:

• Ez is the total export limit of region z,

• Iz is the total import limit of region z,

• the superscript z indicates the zone in which the generator Gj or

load L{ is located.

The areas are chosen according to natural separations of the electric

power system in question: This can be control areas, countries or areas

with limited exchange capacities. Results from applying this reduced

model can be found in [56].

4.3 Determination of Electricity Prices

All models presented in the last paragraphs calculate Locational Margi¬
nal Prices (LMP) for each node in the network and the amount of power

flowing through the lines connecting the nodes. The prices are obtained

from the Lagrangian multipliers of the non-linear equality constraints.

Thus, the OPF calculates different electricity prices for different loca¬

tions in the network for a specific combination of supplier and demand

bid curves.
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In a system with perfect market conditions and no limiting constraints

from the available transmission capacity, the resulting prices will be

more or less equal throughout the network. The difference in prices
will only result from losses generated in the transmission lines. If, how¬

ever, certain line constraints become active and limit the power flowing

through a transmission line, the price differences become significant. By

grouping nodes with similar values for the LMPs it is possible to find

price regions and the congested links between these regions. This tech¬

nique is presented in section 5.1. It allows the association of producers
and consumers to a certain area, as it is needed for the "Copper Plate

Model" described in section 4.2.4 above.

The behavior of a congested electric power system system is highly non¬

linear. If for example the demand increases in a non-congested situation

beyond the capacity of the transmission lines, locational marginal prices
can increase to significantly higher values. This effect is illustrated in

chapter 5.

4.4 Economic Models of the Valuation

As described in section 3.2.2, the framework proposed in this study
uses a Special Purpose Vehicle company (SPV), which is the owner of

the controllable device. This company is legally independent from the

power producers but wholly financed by them. The SPV produces cash

flows by selling energy from a high price area to a low price area. The

profit is going back to the owner, usually the power producers in the

high price area.

The method used to carry out the valuation is known as the Enter¬

prise Discounted Cash Flow (Enterprise DCF) model. This method is

suitable for this specific project, because only limited financial market

sensitive information is required in the case of a debt only financed

company (see section 3.1.3).

The value of an investment is determined by calculating the future ben¬

efits and subtracting the costs. Copeland defines in [41] the value of

operations as the

"discounted value of expected future free cash flows".

The free cash flow (FCF) is the total cash amount available to debt and

equity holders.
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The value of future cash flows has to be discounted to take into account

the opportunity cost associated with investing in this specific project. In

practice the future cash flows are split into two periods: A first period, of

some five to ten years, which usually can be more accurately forecasted,
a second period, of indefinite length, known as the "continuing value"

(CV). For the case studies it is assumed that the FACTS have a limited

lifetime (e.g. of twenty years, T = 20a) and a continuing value of zero.

The method presented in the following paragraphs is outlined in [41].
The aim of the valuation process is to calculate indicative numbers that

allow the project to be compared with other investment opportunities in

order to help decision makers judge on the viability of the project.Tliis

process is described below.

The input data from the OPF module (see section 4.2) are the variable

costs and the revenues. The total variable costs are the variable costs

to buy the energy in the low price area CvJr plus the running costs crUn

as a percentage of the revenues R® for each valuation year t:

$l,tot = Cfö. + crun • R® (4.40)

The "Earnings Before Interest, Taxes, Depreciation and Amortization"

(EBITDA) are calculated as:

EBITDA® = R® - dXtat ~ Cffl (4.41)

A linear depreciation method is assumed, which is defined as:

D=(I-Vcont)/T; (4.42)

where J is the initial investment, Vcont the continuing value, and T the

duration of the valuation period in years. The depreciation is deducted

from the EBITDA to calculate the Operating Profit - also called "Earn¬

ings Before Interest and Taxes" (EBIT). The taxes Tax are determined

using the EBIT:

EBri<l) = EBITDA® - D; (4.43)

Tax® = EBri<l) • TR (4.44)
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where TR is the tax rate. The earnings or ("Net Operating Profit",

NOP) for year t of the evaluation period are then defined as:

A'OP(0 = EBIl{t) - Tax® = (EBITDA® - D)(l - TR) (4.45)

The non-cash items NCr' adding to that cash flow are composed by the

depreciation D and the working capital WC-1' assigned to each period:

NC^^D- WCP (4.46)

The so called "Expected Net After-Tax Cash Flow" (NATCF) can then

be determined for each year t:

NATCF^^ = NOI*l) + NCfl) = NOI*l) + D- WCP (4.47)

These cash flows are discounted into the present using the discount

factor DF, which results in the "Discounted Cash Flow" DCF®:

DCF®
=

NArCF<t)
=

"O** + M*®
(4 48)u

DF& DFW
^ }

The discount factor is different for each year t and grows with the years.

To simplify the choice of the discount factor the project is assumed to be

financed entirely through debt. Mathematically this can be formulated

as:

DF® = (1 + (1 - TR) COB)1 (4.49)

where COB is the cost of borrowing money as a percentage of the

borrowed amount. Interest expenses are in most cases tax deductible,
which reduces the cost of borrowing.

Three different valuation indicators can be determined from the fore¬

casted discounted cash flows:
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Net Present Value The "Net Present Value" (NPV) is defined as:

NPV = ^2DCF® -I- WC=

t

v^ {NOP® + NCI®\

£( om )-r-wc (4.50)

where WC is the total invested working capital at the beginning of the

project. The NPV is a monetary value that presents the value of the

project at the moment of the initial investment. Since it is an absolute

value, it is not very well suited for comparing a project with others.

Therefore, the following indicators are more interesting:

Return of Capital Comparing the sum of all net operating profits
NOP*® to the sum of the booking values BV®, the "Return of Capital"

(ROC) can be calculated as:

Y, NOF®
ROC =

'

(4.51)
Ybv1)

where the booking value of year one is equal to the initial investment. In

the following years the BVis decreased by the amount of depreciation D.

This indicator is simple to calculate, yet there is no apt comparability
with other investment possibilities or with leaving the money on a bank

account. Therefore the last indicator presented here is the:

Internal Rate of Return The most appealing indicator for the value

of an investment is comparing the earnings to the interest received from

capital put into a normal bank account using a compound interest cal¬

culation. The "Internal Rate of Return" (IRR) is the interest rate of

a fictitious bank account with the initial deposit equal to the initial

investment of the project and the same cash flows, such that the initial

investment / is equal to the compound interest:
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= J2 (NATC^ A (4.52)

c=TTTrr (453)

The coefficient c can be determined by calculating the roots of the poly¬
nomial defined in Eq. (4.52). Only real roots are selected, which have a

positive value. If there is more than one root remaining, the one closest

to the ROC value is chosen as c. Thus, the IRR is defined as:

IRR = —- (4.54)
c

The IRR is considered to be a good value for comparing an anticipated
investment with other projects. In general a project is considered at¬

tractive if the IRR is significantly higher than fixed-term deposits for a

similar time frame.

4.5 Integrated Modeling System

Fig. 4.6 shows the setup for the whole valuation process. An electrical

network is defined by the following parameters:

• for generators: lower and upper production limits, parameters of

the quadratic marginal cost curve, connection node number in the

network,

• for loads: minimum and maximum consumption, minimum and

maximum price, connection node number in the network,

• for transmission lines: reactance and resistance in p.u., total trans¬

fer capacity in M\V, connection nodes in the network, and

• for TCSCs: Xl and XG in p.u., capacity in MW, security angle
ô for the delayed firing angle, connection nodes in network.

The OPF module incorporates this network definition to optimize for

social welfare. It calculates:
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Figure 4.6: Overview of calculation framework

• the total production costs,

• the total generator profits,

• the total payments of the loads,

• the congestion or transmission costs - which are the total pay¬

ments of the loads minus the total earnings of the generators,

• the produced power of each generator, including which generators

are running at minimum or maximum power output limits,

• the consumed power of each load, including which loads are con¬

suming minimum or maximum power,

• the power flows through the transmission lines, including which

line limits are active constraints for the optimization algorithm,

• the firing delay angle of the TCSCs, including which TCSCs are

running at angle limits,

• the total losses in the network,

• the node voltages and angles, and

• the marginal prices for each node.
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For each year t of the valuation period a quantified distribution of load¬

ing conditions are defined, where for each quantification step i a per¬

centage of the maximum demand D\ ' and a duration T\ ' is associated.

For example a demand of 40% of the maximum loading is assumed to

be valid for 30% of the time for the specific year of the evaluation.

This results in a parameter table for in quantification steps as shown in

table 4.1.

Demand Duration

D['> T®

Dj<> T(t)

d® T®

Table 4.1: Demand Quantification Steps for Year t

The OPF is calculated for each demand-duration point (D\ \T®). The

output of each run is used to determine the revenues (cash inflow) R®

and variable costs (cash outflow) Ciar for year t:

m

C$îr = X)pi|° • Apil) 'Til) • S7G0h/annum (4.55)
t=i

m

R® = ^p2|° • Aff>
• TV • 87G0h/annum (4.56)

where p\\ ' is the price of the TCSC node in the low price area and 7>2£

the price at the node in the high price area for quantification step i in

year t. The quantity AP\ ' is the increased power transfer in the low

price region due to the TCSC installation.

These cash flows are fed into the DCF module, which determines the

value of the project as described in section 4.4. The economical param¬

eters needed for that step are project specific. Most commonly they
consist of:

• cost of initial investment,
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• amount of working capital needed,

• running costs (labor etc.),

• fixed costs,

• salvageable working capital at end of valuation period,

• tax rate, and

• cost of borrowing money.

Chapter 6 illustrates a case study for the link between France and Italy
where reasonable and realistic parameters for a valuation are presented.



Chapter 5

Simulation Results

This chapter demonstrates the functionality of the OPF calculation

module described in sections 4.1, 4.2, and 4.3. The following sections

show simulation results of the network in Fig. 5.1 applying different

power flow models. The network is a 10 bus network with 5 generators,
8 loads and 13 transmission lines. The detailed electrical and economic

parameters of the network components are shown in the appendix A on

page 111. For the generators, the economical and electrical parameters

are defined in table A.l. For the loads, the parameters are set as shown

in table A.2 and for the lines as in table A.3. The basis for the p.u.

calculations is 1000 MVA. Results modeling the congested network with

an installed TCSC are shown using AC (section 5.1) and DC power flow

models (section 5.2).

The network modeled is used later in the case study for the installa¬

tion of a FACTS device between France and Italy in section 6.1. The

characteristics of the network can be described as follows:

• Supply: Large production units are installed in the top left area.

Generator 2 is representing aggregated production of nuclear units.

Generator 3 is an aggregation of conventional thermal units. Gen¬

erator 1 and 4 represent hydro power installations, which have low

production costs. The hydro production is rather small in com¬

parison with other generators. Generator 5 in the lower right part
of the network has high production costs (conventional thermal).
The exact numbers can be found in table A.l. Only generator 1

79
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Figure 5.1: 10 bus network used for simulations. A TCSC is installed

in line 8 to force more power flow from the cheaper pro¬

duction area (generators 2 and 3) to the area with limited

inexpensive capacity (generator 4).

is controlling the voltage to 1 p.u. The other generators do not

produce reactive power.

• Demand: The large loads are number 2, 3, 5, 6, and 8 modeling
two main load areas: One close to the production in the top left

part of the network and one in the lower part close to the expensive
thermal generator number 5. The demand elasticity is fairly small

defined by the bandwidth of minimum and maximum demand as

set in table A.2. The loads are assumed to only consume active

power.

• lYansmission: Due to the differences in production costs the

power flow in the network is generally from the top left towards

the bottom right. Therefore the total transfer capacity of lines 8,
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12, 13, and 14 is significant for the simulation results. Line 8 has

a fairly high TTC, but is - as the simulation results will show -

normally not fully loaded.

• Controllable Device: A TCSC is installed in line 8 to control ad¬

ditional power transfers into the lower part of the network. The

parameters of the TCSC modeled are shown in table 5.1 for three

different scenarios: no TCSC (1), small TCSC (2), large TCSC

(3). The TCSC is working in the capacitive region to compensate
the line it is installed in, which is line 8 in this network. Table 5.1

shows the minimum resulting reactance and the maximum com¬

pensation degree the TCSC is capable of. The security margin 6

is set to 10°.

Ac

[pal]
XL

\p.u.]

v
.

-/xvun

\p.u.]

Max. Comp.

(1)
(2)
(3)

-0.032

-0.048

0.016

0.024

-0.9

-1.6

0%

59%

88%

Table 5.1: TCSC parameters for 3 different simulation scenarios.

5.1 AC Power Flow Model

This section presents the results applying the full AC power flow model

described in section 4.2.1. For the evaluation of the TCSC (see Chap¬
ter 6) varying demand scenarios are needed to model electricity prices

throughout the day and over the valuation period. This is done by vary¬

ing minimum and maximum load demand values (PLnin and PTLnax in

table A.2) between 60% and 100% linearly. The results of three different

scenarios varying the TCSC size (as shown in table 5.1) are presented
below.

5.1.1 Results without TCSC

First, the OPF is calculated without any TCSC installed. Fig. 5.2

shows the output of the generators for demand levels between 60% and

100%. Generator 1 and 4, the hydro units, are always producing at the
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Figure 5.2: Production of all generators in the network without TCSC:

The expensive generator 5 only starts to produce if the

prices are high enough (at a demand level of 84%).

maximum capacity. Generator 1, which has the lowest production costs

of the remaining generators, produces almost all the rest of the total

power at a demand level of 60%. For increasing demand, generator
3 supplies a bigger part of the demand. Only at demand levels over

84%, the most expensive generator (number 5) starts to supply power.

To explain this behavior of supply and demand, the resulting prices at

different nodes have to be considered.

The prices at nodes 4, 6, 7, and 8 of the network are shown in Fig. 5.3.

At low demand levels, the price differences between the top left part of

the network (nodes 4 and 6) and the lower part of the network (nodes
7 and 8) result form the losses in the transmission network. Increasing
demand, these differences grow larger. At a demand level of 82% and

84% the prices at the nodes in the lower area show a kink resulting
from transmission constraints. Looking at the power flow through the

transmission lines as shown in Fig. 5.4, line 13 reaches its TTC at a

demand level of 82% limiting the power transfer into the high price
area at the lower part of the network for higher demand levels. This

results in the rise in nodal prices for nodes 7 and 8 between 82% and

84%.

---Gen 1

• Gen 2

— Gen 3

Gen 4

Gen 5
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Figure 5.3: Prices at nodes 4, 6, 7, and 8 without TCSC, if the loading is

proportionally increased from 60% to a maximum of 100%.
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Figure 5.4: Power flows through lines 8, 12, 13, and 14 linking the high
price with low price area if no TCSC is installed. Line 13

reaches its transfer capacity at a demand level of 82%.
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The higher prices resulting from demand levels above 84%, allow gener¬

ator 5 to start producing energy. This production counteracts the rise

in electricity prices for higher demands as can be seen in Fig. 5.3.

The next section shows the results of the same demand variations but

with a TCSC installed in line 8. The TCSC should help transferring
more energy over line 8 into the high price area.

5.1.2 Results with small TCSC

The following figures show the results of the OPF simulation if a small

TCSC (see table 5.1 row (2)) is installed. Fig. 5.5 shows the electricity

prices. The kinks in the prices of the nodes in the high price are less

noticeable. Furthermore the effect is shifted to a demand level of around

90%.

The TCSC is controlling the power flow as shown in Fig. 5.6. Com¬

paring with the resulting flows without TCSC (see Fig. 5.4), the effect

of the TCSC can be clearly shown: line 8 has a much higher power

flow level, thus increasing the total imported energy into the high price
area significantly. The demand level at which line 13 hits its transfer

capacity is therefore shifted to the right towards a demand level of 90%.

On the supply side (see Fig. 5.7) the expensive generator 5 is now only

producing energy above 90% demand level. The units with low produc¬
tion costs (generator 1 and 4) still produce at the maximum output level.

But the cheap unit (generator 1) can produce more energy compared
with the results without TCSC (see Fig. 5.2).

5.1.3 Results with large TCSC

The following simulations show the results of the OPF calculations for a

larger TCSC (see table 5.1 row (3)). Fig. 5.8 shows the electricity prices.
The kink due to the power transfer limits of line 13 is shifted further

to higher demand levels, now occurring at about 94%. This results in

higher production levels from the cheap production of generator 1. The

expensive generator 5 is only producing a small amount of power at

the highest demand levels (see Fig. 5.9). It can also be noted that the

price difference for low demand levels between the nodes is significantly
reduced compared with the results without TCSC (see Fig. 5.3).
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Figure 5.5: Nodal prices at nodes 4, 6, 7, and 8 with a small TCSC

compensating line 8, which reduces the price differences.
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Figure 5.6: Power flows if a small TCSC is installed. Compared with

Fig. 5.4 line 8 carries significantly more power.
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Figure 5.7: Production of generators with a small TCSC compensating
line 8.

Fig. 5.10 shows the power flows through the lines connecting the high
and low price areas. Comparing with the smaller TCSC (see Fig. 5.6),
line 8 carries even more power into the lower part of the network.

5.2 DC Power Flow Model

This section shows results of the OPF using the DC power flow model

described in section 4.2.2. The network and the parameters of the com¬

ponents are exactly the same as in the previous sections. The results

are produced using the smaller TCSC as defined in table 5.1 row (2).

Fig. 5.11 shows the nodal prices. As long as there are no limitations in

the transmission network, the prices are the same for the whole network.

The prices increase only slightly for higher demand levels until line 13

hits its TTC value at a demand level of 82% (see Fig. 5.12). Above this

level, the price differences become significant, similar to the results of

the AC power flow calculations (see Fig. 5.5).

The non-smooth results of the power flows in Fig. 5.12 for demand levels

below 82% result from the following fact: Since there are no price differ¬

ences in the network below this level, social welfare cannot be increased

Gen 1
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— Gen 5
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Figure 5.8: Nodal prices at nodes 4, 6, 7, and 8 with large TCSC in¬

stalled, reducing price differences even more compared with

Fig. 5.5.
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Figure 5.9: Production of generators with a large TCSC compensating
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Figure 5.10: Power flows if a large TCSC is installed. Line 8 carries

even more power compared with the flows in Fig. 5.6.

with the TCSC controlling the power flow. Therefore the optimization

algorithm has no defined output for the resulting line compensation in

line 8. The resulting reactance of this line is thus not determined by
the optimization. Different OPF runs can produce different results.

5.3 Conclusions

This chapter illustrates the performance of the OPF module developed.
The effects of different cost structures of the supply side as well as

flexible demand side can be modeled. Locational marginal prices are

dependent on the physical layout of the underlying network, including
the modeling of the transfer capacity of transmission lines.

The AC power flow model gives a detailed view of the different effects

influencing the electricity prices. It could be argued that AC power

flow calculations are too detailed for the valuation of new technology
in electric power systems. Although the DC power flow model uses a

lot less computational resources, its results are of only limited usability.

Especially in low loading, the distribution of electricity prices does not

reflect the reality, where there are always price differences as shown in

*»
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Figure 5.11: Nodal prices at nodes 4, 6, 7, and 8 with small TCSC

installed, using a DC power flow model.
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previous paragraphs. If demand increases, using a DC model results in

significantly deviating power flows - compared with full AC calculations

- since the assumptions of equal voltage magnitudes and small voltage
angles are no longer valid. This results in significant price deviations

for certain nodes in the network, which will ultimately influence the

valuation results. These effects can easily be seen comparing prices at

node 7 between Fig. 5.5 and Fig. 5.11.

An enhancement to the traditional DC power flow is introduced in 4.2.2

on page 67. This method adds an additional term for approximated
losses while still using the DC power flow equations. OPF calculations

using this enhancement are not showing the problem of non-existing
nodal price differences for low loading. But the inaccuracy due to highly
loaded lines still persist. Some results from applying this methodology
are presented in appendix B.l.

In conclusion it can be stated that AC power flow calculations should be

used whenever nodal price differences are of importance to the results

of an analysis.



Chapter 6

Case Studies

This chapter presents two case studies about the installation of con¬

trollable devices in the European electricity transmission system. The

first case study evaluates the installation of a TCSC between Italy
and France, to enable more energy being transported into Italy and

thereby taking advantage of the price differences between these coun¬

tries. Numerical results are presented. The second case study investi¬

gates possibilities of installing a controllable device in Slovenia, which is

re-connected to the synchronous UCTE1 zone. A qualitative discussion

about the different cases is given.

6.1 France — Switzerland — Italy

A well-known congestion in Europe is the border of Italy to its neigh¬

boring countries France and Switzerland. Due to insufficient production

capacity in Italy, this country has to import large quantities of electric

energy through the high voltage transmission system. In the year 2002

Italy was importing on average 2000 GWh monthly via the transmission

lines from Switzerland and 1500 GWh via the lines from France [57].
France, with its surplus in energy production mainly from large nuclear

units, and Switzerland, with significant hydro units, are exporting to

Italy. The transmission link between Switzerland and Italy is congested
most of the time during the day, and also during the year. The direct

1 Union for the Co-ordination of lYansmission of Electricity (UCTE), Europe

91
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link between France and Italy cannot be loaded to its TTC due to the

physical conditions of the network. The differences in generation pat¬

terns together with congested transmission paths lead to high prices in

Italy in comparison with France and Switzerland.

This section presents a case study about installing a TCSC in the lines

directly connecting France and Italy using the framework presented in

chapter 4. The network chosen to model the physical conditions around

the congested link is presented in chapter 5. The parameters of the

transmission lines, the production units and the loads were carefully
chosen to be able to simulate the effects of the congested interface to

Italy. The simulation results show that the most important effects lead¬

ing to price differences in the countries are modeled sufficiently well

for the purpose of this study. The price differences lay in the range of

typical values observed today [58].

The next section describes the base case of the valuation. The sections

afterwards show simulation results of different input parameter varia¬

tions (size of the installed TCSC, network changes etc.) that could be

used as input to value-at-risk studies.

6.1.1 Base Case

This section presents the parameters used for the base case simulations

and the valuation results from the simulation runs. A similar valuation

using a "Copper Plate Model" is presented in [59].

Input Parameters The input parameters influencing the economical

valuation of the project are:

• lYansmission Network: The network used for the calculations is

the ten bus network introduced in chapter 5. The three countries

are chosen as shown in Fig. 6.1. France has large nuclear and con¬

ventional thermal generators (at node 3 and 5) whereas Italy has

the expensive production units at nodes 7 and 8. This results in

energy flowing from France directly to Italy and through Switzer¬

land, which has only limited production capacity at node 2.

Section 5.1.1 shows that the link between Italy and the other

countries is congested. The cheap production units cannot export
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as much energy as they want into Italy, even though the direct

connection line between node 6 and 7 still has available transfer

capacity. The introduction of a TCSC device in this line helps

pushing more energy over this line and thus decreases the prices
in Italy.

Figure 6.1: 10 bus network with three regions and congested transmis¬

sion paths.

• TCSC: The TCSC has a rating of 365 MVar in the base case,

which results in a compensation level of 37° and a resulting reac¬

tance of the TCSC of Arnun = —0.06 p.u. (ref. table 5.1 on page

81). This value was chosen since it produces the highest internal

rate of return for the investment. Results for different reactance

values are shown in section 6.1.3.

• Supply: The parameters of the generators are set as shown in table

A.l on page 111. A scenario with an additional unit is shown in

section 6.1.6.

• Demand: The demand is modeled as it is described in section

4.5. The quantification values of the yearly demand (see table 4.1

on page 77) are set as follows: In the first year the demand is
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considered to be in the range between 60% and 70% in quantifica¬
tion steps of 2%. The duration of the steps is equally distributed

resulting in a total of 8760 hours. For the following years the min¬

imum demand is assumed to increase by 0.5% per year and the

maximum demand by 1% per year. This approximates an increase

in demand similar to what is seen in recent years in Italy [3].

• Project lifetime: is set to 20 years in the base case. A TCSC

has a lifetime for more than 20 years, however it normally needs

reconfiguration and exchange of important parts after a similar

time frame. Section 6.1.4 shows the influence of the lifetime on

the resulting valuation.

• Risk free interest rate: is set to the average of the 25 year yield
of the US government bonds in 2003 which is approximately 5%

[60]. This approach is recommended by Copeland in [41].

• Cost of borrowing: is assumed to be 1% over the risk free interest

rates amounting to 6% in the base case. Investments in utilities

are usually considered as low risk, so any bond issued by such

a company would only have a slight premium over government
bonds.

• Cost of running the SPV: is assumed to be 5% of gross turnover

in the base case. This number is an educated guess. Results of

varying this value are presented in 6.1.2.

• Initial investment: the initial investment including installation

costs for the TCSC per MVar are approximated similar to what

is proposed in [61] and [62] using the equation:

/TCSC,MVar = W0-— - 450—t • S + 0.5—^- . S2 (6.1)
.

MVar MVar MVarJ

The above relation is only valid for S < 300 MVar. For bigger
sizes the value is therefore set to:

/TCSCMVar = 50 k (6.2)

The total investment costs are:
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I = Jadd + ^TCSC = /add + S • /TCSC.MVar (6.3)

where S is the rating of the TCSC in MVar and Ia(id is the ad¬

ditional investments for research, land, infrastructure and legal
issues. In this case study this value is set to 7a(]d = 10 M. This

value is set rather high, since the installation of a TCSC is con¬

sidered to be a pilot project.

• Variable Costs and Revenues: the revenues are determined by

multiplying the amount of additional transfered energy due to the

TCSC by the nodal price in the high price area; the variable costs

by multiplying the amount by the nodal price in the low price

area, as described in section 4.5. These numbers are needed to

calculate the "Earnings Before Interest, Taxes, Depreciation and

Amortization" (EBITDA) (see section 4.4).

• Corporate tax rate: this is assumed to be 33^%, which was the

corporate tax rate for large corporations in France in 2004 [63].

• Working capital: this is assumed to 1.5 M with an additional

variable amount equal to 5% of revenues. The working capital is

the cash required to pay salaries and other expenses in order to

keep the company in operation. The working capital is usually

high in the first years of a project. It decreases over time as the

project is financed only through internal cash flows.

• Salvageable Working Capital at the End of the Project: This is set

to 25%.

Valuation Results Below the results of applying the valuation frame¬

work using the above input parameters are presented. The Expected
Net After-Tax Cash Flow (NATCF) for the base case is shown in Fig. 6.2

(a). Its value increases over the years due to the increased demand and

due to the depreciation of the initial investment.

The discount rate (DR) results to 4.0% with the input parameters de¬

scribed above. This gives the discount factors (DF) for each year (from
1 to 20) shown in table 6.1. Applying this DF to the NATCF results in

the Discounted Cash Flows for each year as presented in Fig. 6.2 (b).
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The large value of the DCF in the last year of the valuation period
results from the salvaged working capital.

DR DF for years 1...20

4.0% 1.04 1.08 1.12 1.17 1.22
...

1.95 2.03 2.11 2.19

Table 6.1: Discount factor (DF) resulting from Discount Rate (DR)
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Figure 6.2: Expected Net After-Tax Cash Flow (NATCF) (a) and Dis¬

counted Cash Flow (DCF) (b) for each year in the base

case.

The initial investments from the TCSC are 18.3 M resulting in a total

initial investment of / = 28.3 M. The DCF analysis finally results in

the valuation indicators as shown in table 6.2.

Net Present Value (NPV) = 49.2 M

Return Of Capital (ROC) = 32.5%

Internal Rate of Return (IRR) = 14.0%

Table 6.2: Financial indicators of base case

Discussion Valuation Results All numbers shown above indicate a

very attractive investment opportunity. The cash flows are positive in
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each valuation year and the NPV is well above the initial investment.

Furthermore the ROC is large, compared with a value of 15%, which is

normally the border for projects to be financially attractive.

The most important factor, however, is the IRR. Its value has to be

well above the interest rate for investing the same amount of money in

a financially secure way (e.g. government bonds). The resulting IRR of

14% fulfills this requirement.

6.1.2 Influence of Financial Parameters

This section presents results of varying the uncertain financial input

parameters for the base case above.
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Figure 6.3: IRR (a) and NPV (b) «as a function of working capital

needed, NPV (c) as a function of cost of borrowing.
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The IRR and NPV values for different values for the working capital
needed by the SPV is shown in Fig. 6.3 (a) & (b). The base case applies
a working capital of 1.5 M. As can be seen from the graphs, the value

of the project is almost insensitive to this input parameter, considering
a reasonable range around the value in the base case.

The influence of the cost of borrowing money on the NPV is shown in

Fig. 6.3 (c). The variation from the base case (5%) is only moderate.

This is partly due to tax benefits, which reduce the impact of borrowing

money on the final valuation. A 1% increase of the cost of borrowing
leads to a valuation drop of approximately 6 M. The cost of borrowing
does not affect the IRR nor the ROC as this is an internal measure based

on earnings before interest and tax.

6.1.3 Influence of Project Size

To study the influence of the installed TCSC size, the results from the

base case were reproduced with varying TCSC reactance sizes. Fig. 6.4

shows the resulting rating (in MVar, right ordinate) of the TCSC. It

is 365 MVar for 100% of the base case reactance. The resulting initial

investment (I) has some non-linearities for smaller TCSC reactances

due to the non-linear pricing per MVar (see section 6.1.1). All other

parameters are set as in the base case (e.g. project life time of 20 years).

The NPV has a maximum at a TCSC reactance of approximately 140%.

For smaller TCSCs the resulting cash flow is smaller due to the smaller

amount of transported energy. For larger TCSCs the price difference

between the installation nodes in the network is reduced due to the

large amount of energy imported into the high price area. Looking at

these numbers a size of the TCSC of 140% seems to be most interesting
for the investment. However, looking at the other valuation indicators

proves this to be misleading.

Fig. 6.5 shows the IRR and the ROC based on a size of the TCSC

between 40 and 240% of the size it has in the base case. Both IRR and

ROC have a maximum value, which is at 100% TCSC reactance size.

This is considerable lower than the maximum of the NPV. This results

from the fact that the IRR is taking the initial investment into account

and therefore gives a better view over the whole project lifetime.

Choosing the size of the TCSC is crucial for the success of the project,
as can be seen from the numbers above.
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Figure 6.5: IRR (a) and ROC (b) as a function of the TCSC reactances

(Base case 100%).

6.1.4 Influence of Project Lifetime

The graphs in Fig. 6.6 show the influence of the project lifetime in years

on the financial valuation indicators IRR, ROC and NPV.

The IRR gets larger than 6% after a lifetime of 10 years. After 15 years
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the value is higher than 12%. This indicates a minimum lifetime of

10 to 15 years for the project to be financially interesting. The ROC

indicates similar results: For project lifetimes longer than about 12

years, the value passes 15%, which is often regarded as the borderline

for an attractive investment project. The NPV increases almost linearly
from year 7 with a value of zero to just above 80 M at a lifetime of 30

years. It passes the value for the initial investment at a project lifetime

of 15 years. All other parameters are set as in the base case (e.g. TCSC
reactance of 100%).

The consideration of the project lifetime is important to account for

uncertainties. In this case study the TCSC needs to be operational for

at least 15 years. The risk of regulatory changes or new transmission

16

14

12

£ 10

a 8

SS 6

4

2

0
5 10 15 20 25

Project Lifetime [a]

(a)

30

40

„30

820

10

0
5 10 15 20 25 30

Project Lifetime [a]

(b)

5 10 15 20 25

I'roject Lifetime [a]

(c)

30

Figure 6.6: IRR (a), ROC (b), NPV (c) as a function of the project
lifetime in years. The initial investment (I) is added as

reference in (c) as a horizontal line.
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lines has to be observed carefully for these years.

6.1.5 Influence of an Additional Line between

Switzerland and Italy

To study the influence of a new transmission line in the network, an

additional identical line in parallel with line 13 is introduced (see Fig. 5.1

on page 80).
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Figure 6.7: IRR (a), ROC (b), and NPV (c) as a function of the instal¬

lation year of a new line between Switzerland and Italy.

Line 13 is chosen, since it is the first line to become congested with

increasing demand (see Fig. 5.4 on page 83). Detailed simulation results

for the network with the additional line can be found in appendix B.2.

Fig. 6.7 shows the influence of the new line on IRR, ROC and NPV
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depending on the installation time of the new line. The IRR drops
about 1% if the line is installed one year after the start of the TCSC

SPV, which can be considered as only a small influence. ROC and

NPV show similar results. The numbers are slightly higher if the line

is installed from the beginning of the project (year 0) since the size of

the TCSC could then be adapted beforehand.

6.1.6 Influence of an Additional Production Unit

in Italy

Another risk for the project is the installation of new production units

in Italy. To simulate this, a new unit is installed at node 8 with the

same parameters as generator 8 at node 3, which represents a nuclear

unit (see table A.l on page 111). The production capacity is set to

1000 MW, the typical size of a large nuclear power station. Detailed

simulation results for the network with the additional line can be found

in appendix B.3.

Fig. 6.8 shows the influence on the financial indicators based on the

installation year of this additional unit after the project starts. The

influence is much bigger compared with the scenario of an additional

line above. The project is financially at risk if the new unit is installed

earlier than 10 years after the project start as can be seen from the IRR

(below 10%) and the ROC (below 15%). The NPV is also considerably
below the initial investment for an unit installation earlier than 10 years

after the SPV project start.

6.1.7 Conclusions

The case study presented shows the economic value of installing a TCSC

in a transmission line connecting France and Italy. The framework

developed in chapter 4 was applied successfully.

The numerical results of the study show the most important factors for

the success of the project:

• Size of controllable device: Choosing the correct size of the con¬

trollable device being installed is crucial. There is an optimal size

for a specific network and market situation. In reality it might not

always be possible to find the exact optimum. However, different
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Figure 6.8: IRR (a), ROC (b), and NPV (c) as a function of the instal¬

lation year of a new generator in Italy.

studies need to be carried out in order to improve the value of the

project.

Project lifetime: An equally important factor is the expected life¬

time of the project. Influences on the project lifetime can be of

technical - e.g. lifetime of components - or of political nature.

Changes in market regulations can influence the projects effec¬

tiveness and reduce, or even remove, the cash flow source.

Changes on the supply side: The simulationsshow that the instal¬

lation of additional production capacity in the high price area can

influence the projects value. It normally takes several years from

the planning stage until commissioning of new units. Therefore

risk of reduced value due to this factor can be valuated accord-
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ingly.

• Financing: The cost of borrowing money for the initial investment

in the controllable device has to be considered. Too high costs can

put the project at risk.

To conclude it can be stated that installing a TCSC in France at the

border to Italy can be financially very attractive for the investors and

helps in improving the market performance in the surrounding countries.

6.2 Slovenian System

This section presents a qualitative case study installing Phase Shift¬

ing Transformers (PST) in the transmission lines between Slovenia and

Italy. To estimate the effect of these devices power flows in the UCTE

network are determined using detailed network data. Power generation
and load consumption is taken from a typical Thursday beginning of

year 2003 at 10.30 am. The flows are calculated using the UCTE net¬

work including approximately 5000 nodes, 7300 transmission lines and

1200 transformers2.

6.2.1 Base Case

The Net Transfer Capacity (NTC) of the link between Slovenia and

Italy defined by the UCTE is set to 380 MW. The link consists of one

220 kV line and one 400 kV line. Fig. 6.9 shows a snap shot of the

power flows in the European network before the re-synchronization of

UCTE network zones I and II. As can be seen the NTC value between

Slovenia and Italy is exceeded by roughly 110%. The power balance

in Slovenia is almost zero. The exported energy to Italy is solely the

result of transferring power from Austria and Croatia, whereas Croatia

is importing large amounts from Hungary and Bosnia and Herzegovina

(not shown in the figure). Italy is importing most energy directly from

France and through Switzerland, a significant amount from Slovenia,
and only a minor part from Austria.

2The calculations were kindly carried out by Prof. Dr. R. Mihalic, University of

Ljubljana, Slovenia.
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Figure 6.9: Power flows in Europe before the synchronization of UCTE

zones I and II (base case).

6.2.2 Synchronized Second UCTE Zone

Fig. 6.10 shows the power flows using the same generation and load sit¬

uation as before, but assuming synchronous operation of UCTE zones I

and II [64]. The link from Slovenia to Italy is loaded even higher, now

surpassing the NTC by some 150%. To prevent these excessive power

flows PSTs could be installed in two lines between these countries. In

this case, the value of the PST installation could be determined by the

resulting power flow in the connection lines times the price difference

between Slovenia and Italy, since only the installation of these devices

could make a safe operation possible taking NTC values of the trans¬

mission lines into account. The running costs of the transmission lines

(maintenance, depreciation) has to be deducted from the cash flows.
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Figure 6.10: Power flows in Europe after the synchronization of UCTE

zones I and II.

The price development in the surrounding regions can be determined

using a "Copper Plate Model" similar to what was done in [59].

6.2.3 Future Development

As more production units with low incremental costs are available in

the east of the newly synchronized UCTE parts, it will be attractive

for Slovenian power companies to transmit more energy from Hungary
to the high price zone Italy. Additional lines are planned to be built

between Slovenia and Italy, Slovenia and Hungary, and Austria and

Slovenia [65].

Fig. 6.11 shows the power flows using the same situation as above, but
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Figure 6.11: Power flows in Europe after the synchronization of UCTE

zones I and II, with new lines and PST installed.

with major new 400 kV lines installed between Slovenia, Italy, Hungary,
and Austria and two PSTs between Slovenia and Italy. These PSTs

control the power flow to Italy to stay within the NTC.

The value of the PST could be determined similar to what is proposed in

the section above. The price difference between Slovenia and Italy has to

be multiplied with the increased transfer capacity between the countries.

In addition to the investment costs of the PSTs the investment costs

for the new lines between Slovenia and the surrounding countries have

to be included into the initial costs of the project.
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6.2.4 Conclusions

This case study shows possible ways to valuate the installation of PSTs

in Slovenia into the existing UCTE network. Extensive simulations

would need to be carried out to be able to give a quantitative answer

about the value of the project. Furthermore, the European TSOs have

to agree upon an exact procedure to compensate for these kind of net¬

work services. The cash flow to the project owner has to come from

collected congestion charges.



Chapter 7

Summary and

Conclusions

This thesis presents a framework for the valuation of controllable de¬

vices in a liberalized electricity market. It consists of two modules:

The first module models the underlying electricity market applying the

physical and economic parameters of the network components. The

second module valuates the financial performance of the project using
the resulting nodal prices from the first module. The module for the

electricity market assumes a TCSC installed in a line between a high

price area and a low price area. The price difference between high and

low price zones and the additional power transfered due to the TCSC

are the basis for the cash inflow calculations for the owner of the device.

These cash flows are used as input for the financial analysis module.

The framework is based on the assumption of a competitive market

resulting in nodal prices in the network close to the respective margi¬
nal prices composed of the marginal production, loss, and transmission

costs. This assumption is reasonable when looking at a time period of

several decades. Even if Europe is not yet applying locational margi¬
nal price based market models, the real world price distribution in the

network shows similar behavior. The revenues for the company owning
the TCSC are paid from the congestion charges of the TSO. Therefore

it is important to be able to rely on a market setup that allows for this

kind of payment to service providers.

109
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A case study applying a TCSC between France and Italy shows the

technical and economic performance of such a device. It is shown that

the underlying network has to be modeled accurately in order to produce
realistic values for the nodal prices. An AC power flow model should

be applied whenever possible.

The financial analysis of the project shows the economic performance
of the project. It is shown that the installation of TCSC is attractive

for investment. The most important factors influencing the project are

the installed size of the TCSC, project lifetime and future changes in

installed production capacity. This is especially true if the new unit will

be installed in high price areas.

Outlook

The case study shown uses a reduced network for the calculation of

electricity prices. A future study could integrate larger networks using

already well-proven power flow calculation engines. The optimization
model would need to be adapted and changed to allow for an external

power flow calculation.

The framework was chosen to model a legally independent company

operating the TCSC. The framework could be changed in order to study
the value of the installation for a TSO. The objective of the controllable

device would need to be adapted accordingly. It would be interesting
to valuate a device under this assumption.

The application of full risk analysis to the results obtained could further

deepen the knowledge about the economical performance of controllable

devices in real world scenarios. One factor not included in this thesis

is to study the risk of regulation changes. This would be an interesting

expansion of the project.

A TCSC can help to prevent contingency very effectively under certain

circumstances. This service does further add to the value of the device.

A procedure to allow for the compensation of this service would need

to be developed by the TSO.



Appendix A

Parameters of Network

Components

The following tables show the electrical and economic parameters of the

components modeled for the network applied in chapter 5 on page 79

and for the France—Switzerland-Italy case study in section 6.1 on page

91.

Nr. «o fll 02 Pg

[] [/MW] [/MW2] [MW]
1 0 6.9 0.00067 1200

2 0 24.3 0.00040 8000

3 0 29.1 0.00006 3000

4 0 6.9 0.00026 800

5 0 50.0 0.00150 2000

Table A.l: Generator parameters: Generator 1 and 4 are aggregated

hydro units, generator 2 aggregated nuclear and generator 3

and 5 conventional thermal units.

Ill
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Nr. pmin

[MW]
Pl

[/MW]

pmax

[iMW]

„min
Pl

[/M\V]
1 90 100 110 10

2 1300 100 1300 10

3 1300 100 1300 10

4 200 100 200 10

5 2400 100 2600 10

6 3400 100 3600 10

7 900 100 1100 10

8 1700 100 1900 10

Table A.2: Load parameters: The price sensitivity is set to be low, re¬

sulting in a small bandwidth between p171 and PLnax com¬

pared with the price difference between pvLiax and ;>mm.

Nr. R X pmax
run

[p.u.] [p.u.] [MW]
1 0.04 0.10 3000

2 0.08 0.12 3500

3 0.01 0.10 1780

4 0.02 0.17 2150

5 0.02 0.17 2150

6 0.02 0.17 2800

7 0.02 0.17 3500

8 0.02 0.16 3500

9 0.02 0.25 2000

10 0.02 0.25 2260

11 0.01 0.07 3500

12 0.01 0.07 2260

13 0.01 0.14 1580

14 0.04 0.27 2000

Table A.3: lYansmission line parameters: The link between the high

price area and the low price area consists of lines 8, 12, 13,
and 14 resulting in a theoretical total transfer capacity of

9.3 GW.
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Additional Results

B.l DC Power Flow Model with Losses

This section presents the results of the OPF calculation applying a DC

power flow model as described in section 4.2.2. The underlying network

and the market parameters for demand and supply are exactly the same

as described in section 5.1.

The nodal prices at nodes 4, 6, 7, and 8, the power flows through lines

8, 12, 13, and 14 are shown for simulations without TCSC (figures B.l

and B.2), with a small TCSC (figures B.3 and B.4), and with a larger
TCSC (figures B.5 and B.6).

These graphs have to be compared with the results of the full AC power

flow calculation in section 5.1 on page 83 ff. (see figures 5.3 to 5.10)
and with the results of the pure DC power flow calculations in section

5.2 on page 89 ff. (see figures 5.11 and 5.12).

The nodal prices in Fig. B.l represent the price differences during low

demand better than the pure DC power flow model. This also results in

smooth simulation results for the power flows (Fig. B.2), which is not

the case for the DC power flow model without losses.

However, the nodal prices for high demand levels still show major devi¬

ations from the results obtained by the AC model, as it is the case for

the pure DC model. Therefore this model can only be used for a first

approximation to calculate nodal prices.
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Figure B.l: Nodal prices at nodes 4, 6, 7, and 8 with no TCSC installed,

using a DC power flow model with losses.
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Figure B.2: Power flows if no TCSC is installed, using a DC power flow

model with losses.
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Figure B.3: Nodal prices at nodes 4, 6, 7, and 8 with small TCSC in¬

stalled, using a DC power flow model with losses.
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Figure B.4: Power flows if a small TCSC is installed, using a DC power

flow model with losses.
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Figure B.5: Nodal prices at nodes 4, 6, 7, and 8 with large TCSC in¬

stalled, using a DC power flow model with losses.
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Figure B.6: Power flows if a large TCSC is installed, using a DC power

flow model with losses.
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Figure B.7: Nodal prices at nodes 4, 6, 7, and 8 with no TCSC installed,

using AC power flow with an additional line in parallel to

line 13.

B.2 AC Power Flow Model with Additional

Line

This section presents the results from the OPF calculation with a full

AC power flow model, if an additional line is installed in parallel to line

13 (see Fig. 5.1 on page 80), using the same electrical parameters. This

results are used in the case study in section 6.1.5 on page 101.

The power flows are now shown for lines 8, 12, 13 (which carries the

same amount as the new parallel line, number 14) and line 15, which was

number 14 before (see figures B.8, B.10, and B.12). It can be observed

that line 13 is now no longer congesting the link. None of the lines

are loaded to their TTC even for loading levels of 100%. The price
differences between the regions now only result from the losses in the

transmission lines and from the different price structures of the supply.
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Figure B.8: Power flows if no TCSC is installed, using AC power flow

with an additional line in parallel to line 13.

60 80

Loading [7o]
90 100

Figure B.9: Nodal prices at nodes 4, 6, 7, and 8 with small TCSC in¬

stalled, using AC power flow with an additional line in par¬

allel to line 13.
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Figure B.10: Power flows if a small TCSC is installed, using AC power

flow with an additional line in parallel to line 13.
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Figure B.ll: Nodal prices at nodes 4, 6, 7, and 8 with large TCSC

installed, using AC power flow with an additional line in

parallel to line 13.
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Figure B.12: Power flows if a large TCSC is installed, using AC power

flow with an additional line in parallel to line 13.

B.3 AC Power Flow Model with Additional

Generator

This section presents the results from the OPF calculation with a full

AC power flow model, if an additional generator (number 9) is installed

at node 8 (see Fig. 5.1 on page 80), using the same parameters as the

already installed unit at node 3 (generator 8). This results are used in

the case study in section 6.1.6 on page 102.

The new generator 9 is dispatched all the time, since it has a lower price
structure than generator 8 at the same node. This results in significantly
lower price differences between the areas compared with the base case.
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Figure B.13: Nodal prices at nodes 4, 6, 7, and 8 with no TCSC in¬

stalled, using AC power flow with an additional generator
at node 8.
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Figure B.14: Power flows if no TCSC is installed, using AC power flow

with an additional generator at node 8.
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Figure B.15: Nodal prices at nodes 4, 6, 7, and 8 with small TCSC in¬

stalled, using AC power flow with an additional generator

at node 8.
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Figure B.16: Power flows if a small TCSC is installed, using AC power

flow with an additional generator at node 8.
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Figure B.17: Nodal prices at nodes 4, 6, 7, and 8 with large TCSC in¬

stalled, using AC power flow with an additional generator

at node 8.
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Figure B.18: Power flows if a large TCSC is installed, using AC power

flow with an additional generator at node 8.
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Appendix C

Mathematical Details

C.l Full Power Flow Equations

C.l.l Line Model Applied

For modeling power transfer through transmission lines the it model as

shown in Fig. C.l is applied.

%m 2„
n

(J W ' » w u

mn

vm
mn

y$h
mn

1

c) 1 > i I o

u„

Figure C.l: Line model applied for OPF calculations

Defining:

^mn — ^*-7tin "t* J-^-jtmi

125

(C.l)
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Y - 7 _1
-

l

1mn—"mn
—

* wrir» ~r~ J-Amn

"mn
,

• ^mn
[7-^+^

7? -4-V 'z
' "

7? 24-V 2

"-mn "'»mn -"mn > -<*-mn

= 9mn+J0Tnn, (C.2)

^mn = Ä+Ä,aild (C.3)

ämn = #m - 0„ (C.4)

where the series conductance is:

H-TMl

((-, r\
9mn — — 9

. xr 2> VU-d/

l7nn

#mn + -X
mn

and the series susceptance:

-Xr,
<mn

Ilmn
~

'»mn

^mn — ~
2 , \^ 2

* (^6)

and assuming #£(*„ <C &fnln the active power flowing into the line from

node in can be approximated as:

* run
—

Umgmn - UmUnbmn sin(<ymn) - UmUngmn cos(ômn) (C.7)

and the reactive power can be approximated as:

*xmn
—

- Um(bmn + Kui) + UmUnbmn cos(6mn) - UmUngmn sm(ômn) (C.8)

The power flowing into the line from the opposite direction (node n) is:
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P =
rim

Ulgmn + UmUnbmn sh\(5mn) - UmUngmn cos(ômn) (C.9)

and similarly for the reactive power:

^cnm ~

~ Ul(bmn + bmln) + UmUnbmn C0s(5mn) + UmUngmn Sh\(0mn) (C.IO)

Thus, the active power losses result in:

Ploaa = Bnm + Prnn = Omn {Um + U% ~ 2UmUn COs(6mn)) (C.ll)

and the reactive power losses in:

Qloss — Qnm + Qjnn — ~ bmn{Um + Un — 2bmn(UmUn COS(dmn) (C.12)

Assuming further that bmln <IC bmn (which is the case for high voltage
transmission lines) Eq. (C.8) can be approximated as:

Wmn —

- Umbmn + UmUnbmn cos(5mn) - UmUngmn sin(£mn) (C.13)

C.1.2 Power Flow Equations

Thus, the full AC power flow problem under these assumption can be

formulated as

Pc -Pi

~ Um 2^ (Umgmn ~ UnbmnS\ll(8mn) ~ Ungmn COs(6mn))
nc

= 0 (CM)



128 Appendix C. Mathematical Details

for the active power and

Qcm - Qz,m

~ Um ^ (-Umbmn + Unbmn COs(Ômn) ~ Un9mn S\\\{Smn))
n.

= 0 (C.15)

for the reactive power.

C.1.3 TCSC in Series with a Line

If a TCSC is in series with a transmission line between node in and n,

Eq. (C.l) is changed to

Zmn = Rmn + jA„m, (C.1G)

where Xmn = Xmn + Xj^sc. The resulting reactance of the TCSC

XmnSC is calculated as shown in Eq. (4.18):

XTCSC = BTCSC-l{a) (c_17)

DTCSC(a) = BL7T-2a-shl2a+Bc (C.18)

where Bl is the susceptance of the inductor L and Be the susceptance

of the capacitor C of the TCSC as shown in Fig. 4.3
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