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Preface

I have had much assistance from my friends and colleagues, who are experts in the many
fields covered in this book. I have consistently found a disapproval at the inevitable over-
simplification of their disciplines, coupled with an appreciation of accessible explanations
of other disciplines. Whilst I believe that I am justified in my obstinacy in maintaining this
compromise in order to pursue the multidisciplinary approach that I believe to be essential
in constructing a market design, I do apologise for the compromises to depth and purity, and
request that the reader views the descriptions as introductory and explanative, rather than
definitive, and invite her and him, when requiring further knowledge, to read the excellent
textbooks available, some of which are included in the references.
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Introduction

In the last part of the twentieth century, electricity had moved backstage after its supporting
role in the ‘white heat' of the technological revolution’. With the technology apparently
solved and delivered, the Electricity Age*> was a forgotten age, surpassed by the Informa-
tion Age.

It has been suggested that the age we are entering now is the age of Natural Capital,
in which resource depletion and environmental impact become key drivers. Given that
electricity delivers almost all energy that is not muscle power or used directly by combustion
of organic and fossil material, electricity may again play centre stage. The Electricity Supply
Industry (ESI) market solutions must match the big picture policy solutions and contend
with complex and interactive issues.

Buchanan, in ‘the Power of the Machine’, published in 1991, stated that ‘One way or
other, it is probable that the comparative stability of power technology enjoyed in the
present century cannot be maintained much longer’, citing the energy crisis which begins
to loom, and the insufficiency of pace of technological change (particularly in this case
in relation to nuclear fusion power and renewable technology). Indeed it is a common, if
not universal, view, that in the interval between the fossil world and the new renewable
(and possibly nuclear) world, the economics of providing fossil fuel fired generation at a
similar price to today, will not stack up in the 21st century in the circumstances of source
depletion and increasing costs of environmental impact abatement. The question is the extent
to which the industry can bridge this gap without substantial and sustained state intervention
in consumption.

Perhaps the most universal change in the ESI in the ten years either side of the millennium,
has been, and will be, the increase in market orientation, caused by the general increase in
market activity in other commodities and products, the pressure on the industry, and the
organisational response of the ESI in facing new challenges. Whilst the overall paradigm
to which the ESI is evolving, in response to policy change is broadly similar in almost all
countries, the pace and stages of development differ widely, and ideal ESI structures are
highly dependent on local factors such as political ideology, climate, and indigenous energy
endowment.

This book is about markets, and how the structure of markets and behaviour of par-
ticipants can and do cause prices to respond to drivers such as consumer needs, energy
endowment, capabilities of physical installations, regulatory impositions and policy objec-
tives. It is intended to inform, rather than promote, attack, defend or apologise for markets,
but undoubtedly any textbook is coloured by the background and opinion of the author.
I believe in the potential of competitive markets to deliver an industry performance that is
aligned to energy policy with a socially determined trade-off between costs/disbenefits and

! Speech by Harold Wilson, Prime Minister of the UK. Labour Party Conference. 1 Oct 1963.

2 Wilson (1994) defines the period to be 1875 to 1945, preceded by the copper age, bronze age, iron age, coal age, steam age
(coal, iron and steam), and oil age, and followed by the atomic age. Brennan etal. define the beginning of the electricity age as
being 1882, the date of the opening of the Pearl Street power station in the USA.
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2 Introduction

benefits. I believe that the challenge, albeit a great challenge, is essentially a technical one,
which can be achieved by better communication to stakeholders of the interdependencies of
issues and better design of the whole marketplace of which electricity is a part.

There are three reasons for this belief in the potential of competitive markets to deliver a
policy solution;

Firstly, markets are efficient vehicles for clearing quantitative information concerning
preferences of diverse and interdependent issues for a multitude of participants, at least at
the margin. Where whole markets fail, it is largely because the market structure is such
that specific important information, such as impact of production on society, is absent, and
therefore the market is incomplete. The challenge is to make the market complete enough
to capture all of the important signals (such as environmental costs) without making it too
complicated to understand and administer. Whilst the inter-relationship between produced
goods (electricity) and simultaneously produced bads (e.g. emissions) has added a whole
new layer of complexity, the gradual increase in commoditisation is making these tractable.
In addition to this we will show that the increasing use of traded options can overcome
some of the greatest problems of market incompleteness for single commodities, namely
the capture of preferences not just for certain conditions at the margin, but for a variety of
scenarios, with different probabilities.

Secondly, through the profit motive, markets create the incentive for efficiency, particu-
larly if the market signals (which become manifest as prices) are clear, strong, stable, and
visible in the long term. Where market power occasionally causes ‘excess’ rent to some
participants, it is largely because the long term signals have been ineffective and therefore
that a market scarcity could not be addressed by timely new entrance. When this occurs, it is
a result of poor market structure, poor communication, unstable policy, or poor regulation.

These two reasons are well known, and much discussed. It is the third reason that has
excited me so much during my years in the industry. A proper functioning market, with
efficient signals, has a third benefit, and that is to reward innovation, and specifically
‘routinised’® innovation’ at a day-to-day operational level. This is, in my view, a feature
that is more important in the ESI than in any other industry, and the reason arises from the
physical nature of electricity.

This naturally begs three questions;

(i) What is special about electricity in a market context?

(ii) Can unbridled competitive free markets work for electricity?

(iii) If not, how can the commercial arrangements for electricity be organised and regu-
lated, and how can market-like techniques be used to realise some of the potential of
competitive free markets?

On the first question, the delivery of electricity is instantaneous and at long distance, and
the nature of electricity causes the microeconomics of power generation to change at an
extraordinary frequency — around 48 times per day. The result is that the ‘command and
control’ method of planning and management is inefficient, because it cannot effectively
capture the complex interdependencies and does not effectively address the constant stream
of opportunities that arise. This can only be captured by the response of operators who
are sufficiently capable and empowered to contend with a set of external value signals and

3 See Baumol in ‘the Free Market Innovation Machine’ for an exposition of this.
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a set of internal capabilities and constraints. These value judgements require the signals
such as energy price, capacity price, and emission cost, to be monetised and efficiently
communicated so that the net of cost and revenue can be quickly maximised.

On the second question, experience to date is mixed, and we are forced to remind ourselves
that ‘For all their power and vitality, markets are only tools. They make a good servant but
a bad master and a worse religion’.* The benefits of markets have been tempered by the
problems of local market power, and of constructing markets that are simple enough to use
and complex enough to satisfy complex requirements. An efficient market will efficiently
deliver a performance that optimises cost for a set of policy signals. If the signals are absent
or mispriced, or if market intervention creates alternative or unstable signals then the market
will efficiently deliver the wrong solution. Proper market design can harness the capability of
markets whilst reining in the potential for excess and abuse. A dilemma in designing markets
is that the potential for abuse increases with the detail, accuracy, sensitivity and complexity
of market signals. It is an act of faith to assume that contrary to the mantra of ‘greed is
good’,’ that participants act in a manner that is mindful of their civic responsibilities. To
quote Ormerod,® ‘The enlightened pursuit of self-interest is seen as the driving force of
a successful economy, but in the context of a shared view of what constitutes reasonable
behaviour’. I follow Rousseau in believing that we must assume that people are essentially
good, but only behave badly when the institutional arrangements force or encourage them
to do so. Indeed, whilst moral and social responsibility is often forgotten in making the
assumptions of the behaviour of economic man in guiding the Invisible Hand’ of Adam
Smith,? it is important to remember that the theoretical heritage of economics runs through
with such responsibility. Hence to understand the impact of responsibility in economics, we
do not need to add it in, we just need to stop taking it out.

Whilst fully efficient markets work efficiently, it is sensible to question whether, given
the effective policy signals and an overall framework, a partly inefficient market can deliver
part of the objective, or whether it is actually worse than no market at all. In particular, is the
issue of market power in such a complex market as electricity both too large to ignore and
too intractable to solve? This question is much discussed, and in reality is too big a question
to answer in one bite. In any one circumstance, it must be answered in a well defined
context (for example, socio-political environment, indigenous energy mix, patterns of power
usage, institutional framework of government and private enterprise, legacy organisational
structures and arrangements for the flow of money in return for electricity and services, and
absolute and relative levels of poverty).

Whilst the competitive markets have generally worked, they have not worked perfectly,
and the California example has shown that the transition towards market structure can
go badly wrong if regulatory and political intervention is incompatible with the market
operation. Nevertheless there have been more successes and fewer failures than might be
indicated by observing the media. Market failures make better media headlines than market
successes. So ‘world gripped by power blackout’ is a better candidate for attention than

4 Hawken etal. (1999) in ‘Natural Capitalism’.

> This phrase was caricaturised by the character Gordon Gekko in the film “Wall Street’, but the origins were in a speech by
Ivan Boesky (who later went to prison), in which he said to an audience at University of California in Berkeley ‘greed is healthy’,
to rapturous applause.

6 Ormerod (1994).

7 Smith (1776). The view that markets operate to the optimisation of the common good, as if guided by an invisible hand.

8 Adam Smith is regarded as the founding father of economics in its modern sense.

° BBC online 15 August 2003. Referring to the blackout in New York.
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‘electricity delivered cheaply and effectively again’ Similarly ‘disaster from new regulation’
makes better headlines than ‘service remains poor and price high due to absence of reform’.

The development of electricity markets has been very much on the back of the development
of modern commodity markets, which themselves have been underpinned by the development
of modern financial markets. Though they appear to have been with us for as long as we
remember, it was only in 1971 that the collapse of the Bretton Woods'® agreement of fixed
foreign exchange rates effectively opened the way to the foreign exchange markets, and now
quantitative finance is a mainstream activity and a popular postgraduate course. Whilst cost
of risk, and correlation remain two major problems that are essentially unsolved, there has
arisen a common currency of quantitative techniques that allows for definition and solution
of many microeconomic issues.

To the third question, what does seem essential to me that in a modern world where
markets play an increasing role domestically and internationally, and in an increasing array
of products and services from labour to computer chips to cars to money to carbon dioxide
allowances, that in addressing local issues, whether to optimise within a system, or to design
a system, that a knowledge of the relevant market disciplines and dynamics is essential. In
doing so, we reiterate that whilst a fully free market is not the right solution at all times
and places, that it is rare indeed for market disciplines not to be appropriate for valuation,
prioritisation and optimisation decisions.

To make markets work, we must address the challenges that they give us, which appear
to be fourfold:

(i) Capture, rationalise, prioritise and assign values to policy issues, and articulate them in
a form that the industry can engage with.

(ii) Ensure that the market structure can efficiently deliver all of the required signals through
market prices, taxes, obligations and other economic signals.

(iii) Inform industry participants, stakeholders, and opinion formers about the workings of
the ESI and of the interdependencies, and how to effectively construct and use signals.

(iv) Where the market cannot directly deliver the signal, enable policy makers and regulators
to provide economic and prescriptive adjustments in an incremental, measured and
intelligent manner, that takes account of interdependencies, so that market failure does
not occur.

This must be done in such a way that the industry can plan far enough ahead to adjust its
physical make-up by invention, build, modification, and closure of installations. This will
allow the ESI to face the enormous challenge of delivering a sustainable environmental
solution, at a cost that is acceptable in terms of domestic welfare and industry factor costs.
I will not present solutions, and certainly not a standard solution, as the differing nature of
the drivers in different countries means that there is not a one-size-fits all solution. Indeed,
I hope that it will become apparent that national variations in the local physicalities of
energy source and associated generation technology, the topology and connectivity of the
infrastructure and the socio-political culture, require the modifications of the ‘best basic’
market model to be complex and extensive.

The market solution to the ESI is treated here as a solvable problem. There is a great
body of thoughtful insight on low and high level problems faced by the ESI, both in the

10 The Bretton Woods agreement was signed in 1944 to aid post war reconstruction, was fully in place in 1959 and collapsed
in 1971 with the exit of the USA. Scammell (1975).
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general sense and for particular countries and particular circumstances. However, such are the
complexities, that a relatively high level of technical and/or local knowledge is assumed, and
hence much of this insight is practically inaccessible. This book aims to equip the reader with
sufficient broad knowledge of the ESI and technical knowledge of the key disciplines, both
to address practical situations with the basic tools, and to understand the thoughtful insights
already available in learned journals, books and elsewhere. Perhaps a little knowledge is a
dangerous thing, but many policy decisions have been made with violations of some very
basic scientific, economic or technological principles. It is to the discredit of the ESI that
opinion has often been prioritised over education.

All stages of market development are equally important and in this book greatest attention
will be paid to the design and structure of mature markets, and the role of regulation
in implementing policy in a competitive marketplace. This is where the leading edge is,
and developing markets will set much store from the experiences learned in the more
mature markets. ‘Markets’ are interpreted in a wide sense, to include charging mechanisms,
incentives and policy instruments such as taxes.

The book is structured so that the chapters can be read in any order, according to the
particular interest of the reader.

Chapters 1 to 4 set the scene and introduces all of the facts and context that will allow us
to examine market models in detail without getting bogged down in minutiae, or omitting
facts and explanation that are essential to the examination.

(i) Chapter 1 introduces the nature and basics of electricity with a brief history of electricity
supply and the functions of the sectors under the ‘unbundled’ model.

(i) Chapter 2 describes in more detail each of the key functions of energy sourcing,
generation, transmission, distribution, metering and supply.

(iii) Chapter 3 views the industry from the perspective of its stakeholders and examine their
drivers and issues, the way that stakeholders influence and interact with the industry,
and how policy is formed.

(iv) Chapter 4 introduces the concept of industry liberalisation, what is driving it, and the
high level structural response of the industry.

Chapters 5 to 8 build on our understanding of electricity markets by layering on increasing
degrees of sophistication.

(v) Chapter 5 temporarily puts aside the complications of capacity, location and environ-
ment and focuses on the core principles of the different forms of market that can be
used, from the monopoly model, through the ‘pool’ models, to a bilateral market in
keeping with modern markets in other commodities.

(vi) Chapter 6 then concentrates on the management of planned and unplanned variation in
supply and demand rates, the different models that can be used, and how the system
physically operates. This is under the general banner ‘Capacity’. Capacity management
is then integrated into the market model.

(vii) Chapter 7 then considers the practical realities of moving electricity through a network
that is costly to build, maintain and operate and which experiences physical limitations
such as thermal losses and line congestion. This is under the general banner ‘Location’
and the various ways of managing location signals in a market structure are examined.
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(viii) Chapter 8 then introduces the third main complication to market structures (after
capacity and location) which is the environment. The environmental issues are intro-
duced and discussed at high level and in a global context, and then the various market
and regulatory mechanisms to optimise the total environmentally adjusted outcome of
the industry are considered.

Chapters 9 and 10 deal with the principles and application of pricing and economics of
the industry, in the context of the attributes of the industry described in Chapters 1 to 4,
and the market structures for energy, capacity, location and the environment described in
Chapters 5 to 8.

(ix) Chapter 9 concerns pricing with particular attention to wholesale derivative prices
(x) Chapter 10 introduces and discusses those aspects of economics that pertain directly to
the ESI, which are referred to in the rest of the book.

Chapters 11 and 12 then examine two specific themes.

(xi) Chapter 11 deals with power plant economics from a financial perspective, with par-
ticular reference to the mapping of physical characteristics to financial characteristics.

(xii) Chapter 12 examines security of supply. This issue is perhaps the most important issue
for the electricity supply industry and is the subject of much confused and uninformed
debate. The issues are highly complex and hence, while elements of security of supply
are dealt with in almost all of the other chapters, the threads are drawn together in the
end of the book.

If this book succeeds, then the reader will have a greater technical understanding of the
industry and of the interaction between policy issues, between technical issues, and between
technical and policy issues, and how the application of market disciplines is essential
throughout. It is better knowledge of these interactions and disciplines that we need to help
us all to move forward into an uncertain world.
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The Basics

1.1 HOW ELECTRICITY WORKS

To understand how electricity can behave as a commodity, we must understand its physical
characteristics. We must offer a caution at this point; this is not an engineering text and
a full description of alternating current is beyond the scope in hand. The purpose here is to
understand electricity sufficiently to understand electricity markets, and to do so we resort
to “folk’ definitions, and simplified analogies. Such methods can only go so far without
excessive inaccuracy, and hence some aspects of locational market models in particular
cannot be covered without a proper engineering description of alternating current (AC). The
reader is referred to engineering texts for these. To quote Stoft,' ‘Most of the basic properties
of AC power flows that are needed to design markets can be understood in terms of this
essentially DC model, but some important phenomenon are purely AC in nature’.

Electric current involves the movement of an electromagnetic field that is visualised as
the collective movement of electrons through an electric conductor, driven by differential
concentrations of electrons that repel each other.

Direct current (DC) is driven by voltage differentials between two points on a wire, as
we see in Figure 1.1. So if voltage is applied to a line at the point on the left, it will
‘push’ current to the right. If the current flowing down the line is direct then there will be
a consistent voltage differential between the two points.

This movement can then create heat, as the electrons give up their energy by repeated
collision with the electrons in the atoms in the conductor, or movement through the electro-
magnetic action described below.

The current I is related to the voltage V and the electrical resistance R of the wire by
Ohm’s law, V =1IR. The power P (rate of delivery of energy, in this case from a resistor in
the form of heat) imparted is the multiple of the voltage applied and the current flowing.
So, P=1V.

Voltage V1 Voltage V2

. Line resistance R .

‘ Current flows | =(V1-V2)/R

Figure 1.1 The relationship between current, voltage and resistance by Ohm’s law

Equipment such as kettles and conventional electric light bulbs work through the resistance
of the conductor creating heat, and they are termed resistive load.

! Stoft (2002).
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Fleming’s rule tells us that electric current can be produced by the movement of a
conductor in the presence of a magnetic field, or the movement of a magnetic field across
a conductor. The passage of electric current itself creates a magnetic field, and changes in
electric current cause changes in the magnetic field. Magnetic fields can be visualised as
field lines which are crossed by a conductor. Fleming’s rule also works in reverse, so the
movement of a magnetic field across a static conductor, or the movement of a conductor
across a static field, also causes the conductor to move.

Changes in electric field across the current in the coils of a motor containing a magnet
causes the motor to move. The movement of the motor then pushes current in the opposite
direction and ‘impedes’ it. If the power source stopped instantaneously, then the motor would
gradually slow as the current created by the motor is converted to heat due to the resistance
of the wires. If there is no electrical or mechanical resistance or any inductance anywhere
in the circuit, then the motor will turn in perpetual motion as it receives kinetic energy from
the current it creates, at the same pace as the kinetic energy creates electrical energy.

A transformer works by the changing currents in the input coil creating a magnetic field
in the iron core, which then creates currents in the output coil. Note that it is the change in
the current that causes the field. With direct current in the input coil, no current would flow
in the output coil. The ratio of numbers of coils determines the current and voltage entering
and leaving the transformer.

2 Volts

1 Amp ﬁ
2 Watts
AN N AN

L I W

I\
[ [T
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Figure 1.2 Actions of a transformer and a motor

A voltage that is applied in a cyclic manner by a power generator will cause a cyclic,
or alternating, current which has a ‘phase’ that is measured by the timing of the peaks.
Figure 1.3 shows alternating current in three circuits. Circuits A and B are out of phase, and
circuits B and C are in phase. If the phase differential is constant,? or at least moving very
slowly, then the circuits are said to be synchronous.

Electric motors, that use current through coils to drive the motor are said to have an
inductive load. A coil, or solenoid has the same impedance effect. The current passing
through the coil sets up a magnetic field which then varies as the current varies and then
opposes the voltage. Large diameter conductors (such as in high voltage transmission line
that are large to reduce resistance) also have an impedance due to the effect of eddy currents
behaving like small solenoids. Fluorescent light bulbs also have an inductive load.

2 For example, positions on the same wire, separated by a long distance.
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Figure 1.3 The phase of Alternating Current (AC). C can be connected to B, but A cannot
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With direct current, applied by a battery of cells, there will be a consistent voltage
differential between the two points. For alternating current (AC) whilst the differential
changes, the peak voltage can be the same at both points. Whilst at any instant it is the
voltage differential that drives the current, it is more convenient to understand it in terms
of the phase differential between the points. To draw power, either for resistive or inductive
load, it does not matter which way the current is flowing.

A
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Figure 1.4 Pictorial representation of how voltage difference between points can result from a phase
difference in alternating current between the points without a differential of peak-to-peak voltage

This visualisation of alternating current is in reality a ‘DC-like’ visualisation that is only
correct if the frequency is very low. At high frequencies, the current is not simply related to
the voltage differential.

Impedance affects the relative phase, or ‘phase angle’ between the current and the voltage.
The result of this in long transmission line is that the phase angle increases, and to stabilise
the power, a reactive source is required. Reactive power is described in the appendix. For
a purely inductive load, current lags voltage by 90°, and for a purely capacitive load, current
leads voltage by 90°.
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1.2 EARLY DEVELOPMENT OF THE ELECTRICITY SUPPLY
INDUSTRY (ESI)

‘As far as domestic applications are concerned, electricity has wrought a revolution that is
so complete that it is virtually taken for granted in most homes in the advanced industrial
societies’ — Buchanan in ‘the Power of the Machine’.

Electricity providers are commonly grouped in the category of ‘utilities’, along with
providers of services such as clean water, waste water removal, gas and telecommunication.
While electricity provision is commonly regarded as a basic utility that is noticeable in the
most developed economies only when it fails, in developing countries electricity provision
remains a core aspiration and development indicator.

The electricity industry is a young one, post dating the industrial revolution. Whilst
electricity was known by the ancient Greeks in the form of static electricity, it was not until
the ‘second electrical revolution’® of the 1880’s that power for lighting and motors was used
to any degree, while still over a quarter of the world’s population does not have access to
electricity.

Nuclear power
o Watt steam Jetengine  Combined cycle
Aeoliphile engine Reaction turbine ¢ gas turbine Turbine
steam engine coupled to electricity generation
generator Windfarms
Frequency
standardisation
Electri ci.ty Transformer High voltage
generation grids Widespread
. Electricity connection in Networks
ElSEIE elial delivery developed world
Inductance .
Electromagnetic Domestio
induction Dynamo appliances Elit:chable Public use of
i Arc Incandescent light heat and motion
Electromagnetic |, i Public  Electric
effects lighting tram Nuclear
£l magnetic
Control of Connection d.ethon resonance Nuclear
Z(I)erlg:;gitg/d between lightning Iscovery physics
and electricity Radio Radar Communication
Telegraph electronics
Conduction of ElectroFc:;mlstry Transistor Computers
electrici i
ty Eﬁt";:'c cell Fuel cells
Elektor static y Electrolytic
electricity processes
500BCE 1700 1800 1800 1900 1920 1970

Figure 1.5 Development of electricity discovery and usage*

3 Term used by Hall (1998). The ‘first electrical revolution’ was the use of weak current electricity ‘schwachstrom’ for
telegraph and telephone. Strong electricity for light and power is there termed ‘starkstrom’. The book also contains an excellent
account of the impact of the electrical industry on the city of Berlin.

4 See Kuhn (1962) for a commentary on the discovery of electricity. See Hyman for history in the USA.
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The early days of the Electricity Supply Industry (ESI) were driven by discovery and private
enterprise. Whilst experimental usage grew during the 19th century, for example the lighting
of an opera in Paris in 1844° with arc lights, it was the growth of public incandescent
lighting using power stations as a source that marks the beginning of the ESI. Development
during the first 15 years was rapid as we can see from the chronology® below.

1878 Creation of incandescent light bulb by Swan in the UK’

1878 Street (arc) lighting in Paris®

1879 Creation of long lasting incandescent light bulb by Edison and Jehl in the USA®
1881 Opening of Godalming power station in the UK’

1882 Opening of Pearl Street power station in the USA!!

1882 First transmission lines in Germany (2400v DC, 59 km)'?

1883 Holborn viaduct power station in the UK

1885 Commercially practical transformer (William Stanley)

1885 Hydro power station and S6km transmission in France

1885 Public electricity supply in Norway'?

1887 Interior lighting in Lloyds Bank, London UK

1887-9 High voltage alternating current transmission in Deptford, UK

1887 Public electricity supply in Japan'*

1889 Single phase alternating current transmission (4 kV, 21 km) Portland Oregon, USA
1893 Three phase AC transmission (12kV, 179 km) Germany

1894 generators used to supply motor pumps in mines in Malaysia'>

1895 Public electricity supply in Australia

In Great Britain, for example, by 1909 there were already laws denying new entry without
licence and by 1914 there were 70 power stations in London.

5 Munson (1985).

© History books differ by the odd year, perhaps due to national pride!

7 Ensor. Swan and Edison joined to avoid conflict over patents and the company used the Edison patent.

8 Hall (1998).

9 Jehl (1937), in which is described how all manner of materials were used as trial filaments, including the beards of the
researchers!

10 1 andes (1965).

' The moment of the throw of the switch was witnessed by the lighting of 106 light bulbs in the offices of the Morgan bank,
winning a bet of $100 for Thomas Edison. The offices of the New York Times were also lit. Source Munson (1985).

12 Rustebakke eral. (1983).

13 CIGRE (2001).

14 CIGRE (2001).

15 CIGRE (2001).
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12 The Basics

Soon after this burst of development were attempts to standardise. For example, the first
attempt to standardise frequency to 60Hz in the USA was in 1891, although Southern
California Edison did not convert from 50 Hz to 60 Hz until 1949.

1.3 THE LIFECYCLE OF ELECTRIC POWER

Central to almost all aspects of electricity is the issue of storage. Whilst most commodities
can absorb production and demand variations by delivering to stock and withdrawing from
stock, this cannot be done for electricity. While we shall see that there are various methods
that amount to storage, for the moment we can assume that electricity must be consumed as
it is produced.

—_
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(2) Production rate
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Figure 1.6 (1) The use of storage to maintain even production through a consumption cycle for
storable commodities, (2) The necessity to consume electricity as it is produced, and vice versa

The essential stages in the lifecycle in electric power are:

(i) energy sourcing;

(ii) power generation;

(iii) network transportation, divided into high and low voltage;
(iv) supply management;

(v) consumption.

There are in addition three essential activities that can be considered as part of the supply
chain, since every megawatt (MW) of electricity that passes through the network passes
through them. They are:

(vi) system operation;
(vii) market operation;
(viii) metering.

And finally, something which cannot be ignored, which is:
(ix) disposal and environmental impact.

Energy Sourcing — Starting with the energy source, a natural asset under (initially) com-
mon ownership must be exploited to create electricity. This source might be underground
(e.g. nuclear or fossil fuel), renewably harvested (e.g. energy crops), or arriving naturally
(e.g. wind and water). The sourcing activity may require several activities after initial gath-
ering, such as processing and refining, and then delivery to the power station. The political
economics of natural resource extraction have been worked out over the last five thousand
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years, with the prevailing answer in the late 20th century following the same prevailing
political ideology'¢ that is driving the ESI. This is the ideology of free markets, as opposed
to state run stewardship of national assets. Hence, there is limited opposition to a nat-
ural asset being extracted by foreign companies, and then exported, provided that there
is sufficient national benefit along the way in the form of royalties, taxes, infrastructure,
employment and development. However, the debate over security of supply recognises the
fact that national attitudes may change when these resources become scarce in the country of
‘ownership’.

Power generation — Power generation is the process by which an in situ energy supply
is converted to electricity and delivered into the electricity transportation infrastructure or
directly to a ‘host’ load. To deliver into the infrastructure requires a high degree of control
of the electrical product (for example, synchronisation, ability to vary load to provide and
not consume reserve, voltage stability). To generate power, requires not only a source of
energy, but fair physical and economic access to the full energy source infrastructure which
may include pipeline or rail, road, and ports. Similarly, the generator requires fair physical
and economic access to the consuming customer. This requirement may be limited, in the
form of adjacent host load, or extensive in terms of geographical distance, and barriers in
the forms of regulation, laws and local factors.

Transportation — To transmit and distribute power entails extensive and possibly intrusive
access requirement to the physical equipment of pylons, transmission and distribution lines,
transformers and other equipment and their presence may have a substantial amenity impact
in terms of the disruption of views. This requires property rights that would be quite
impossible without the support of local and national governments. Transportation is a natural
monopoly and hence is subject to regulated prices.

Supply management — While consumers require all of the upstream activities, such as
generation and transportation, to occur, electricity is delivered to most consumers as a
‘bundled’ retail product. Consumers pay a price to the suppliers for the delivered product,
and the suppliers arrange everything else.

System operation — System operation is electrical management of the system, particularly in
the short term (less than one day). Because of the need for production and demand to match
perfectly and continuously (to a resolution of fractions of a second), then in the short term
there is no time for multilateral interactions, and a single system operator must coordinate.

Market trading — In the more mature markets, electricity is traded several times from the
first producer sale to ultimate consumer delivery.

Market operation — Market operation involves the commercial arrangements for energy
and capacity trading between participants and the system operator, and coordination of such
commercial arrangements between participants.

16 The mining industry was not changed so much by the imposition of free market political ideology, but by the lessening of
rejection to it, in response to an inability to extract using internal funding, expertise, equipment and technology, while treating the
resources as national assets to be extracted only by national companies.
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Metering — While cost is incurred at all points of the supply chain, there is only one source
of revenue — the consumer. To pay for electricity, the consumer must have a definitive price
and amount to pay for. The meter is clearly the source of information, but in practice the
processes are highly complicated. Hence we regard metering as an important and distinct
part of the supply chain.

Disposal and environmental impact — This can variously be regarded as the last stage of
the life cycle of electricity, a by-product of electricity production, or an input factor. Whilst
the impact is predominantly incurred in the generation sector, it is rendered inevitable by
the act of consumption.

1.4 DEVELOPMENT, STRUCTURE, COORDINATION,
LEGISLATION OF THE ESI

The organisational development of the ESI responded to the technological capabilities and
the sources of funds, and the legislature responded to the organisational development. The
variety of structural forms of ownership, operation and control is a result of the technical
complexity of the industry and the variety of physical and socio-economic legacy and
contexts in which it resides. Electricity in developed countries is regarded as a necessary
utility that cannot reasonably be withheld and which must be provided at an affordable price
to all consumers. The provision to all customers including the poor, remote, and rural, is
called universal service.

In the late 19th century, in which electricity supply could be said to have become an
industry, the economic model in the industrial nations for new infrastructure development
such as railways and canals was a mixture of private and municipal development, with
a series of laws and rulings that first increased the standardisation and coordination and then
increased the degree of public ownership and control where national interests dictated that
it should do. Then, as much as now, the organisational structure of the ESI was strongly
shaped by the prevailing political paradigm.

Closely following attempts to standardise were attempts to regulate. For example, in 1898
Samuel Insull'? in the USA who tried to impose regulation over ‘debilitating competition’
and New York and Wisconsin initiated state regulation of utilities in 1907, while England
took a more liberal view and allowed a ‘rabble of small inefficient electrical undertakings
with which parliament had unwisely saddled the country’.!

In the early days, electricity usage was largely for municipal installations such as light-
houses'® and street lighting. In fact, the product sold was light, rather than electricity. The
provision of the service used a levy and the municipality contracted directly with the utilities
with names such as ‘Illinois power and light’ which raised debt and equity from private
investors. The earliest installations were a matter of civic pride.

With the rapid arrival of new utilities providing light and power and light to an increasing
number of buildings, the need for greater coordination became apparent, and legislation?
was set up to systematise the procedure for setting up public supplies. Then national grids

17 An Englishman in charge of the Chicago Edison company. Chicago became the ‘Electric City’. See Platt (1991).

18 Ensor (1936).

19 The discussion of the economics of lighthouses forms part of economic history with legacy that remains relevant to the ESI.
See Coase (1974).

20 For example the 1882 Electricity Act.
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began being set up by statute. For example, in the UK, in the 1926 Electricity (Supply)
Act. the General Electricity Board was created and the National Grid began development
and construction. Between 1920 and 1950, most houses in Europe and America became
connected to the networks.

1.5 NEW OWNERSHIP STRUCTURE

Whilst nationalisation was the solution in the 1940’s to mass provision of standardised
public services, the 1980’s development was to reduce costs and increase innovation through
competition.

The motivations, scope and timescales of the industry players are strongly influenced by
their ownership and finance, and there are four key categories of ownership, namely;

(i) investor owned corporations;

(ii) public sector (towns, municipalities, states, nations,?! public corporations, federal
agencies);

(iii) cooperatives (in practice, a very small percentage);

(iv) individuals or privately owned companies (in practice, a very small percentage of large
infrastructure and large companies).

Without doubt, the current trend in each sector is towards investor owned corporations,
and this destination has been, and is being, arrived at by distinct routes, as shown in
Figure 1.7.

Federal

Aunicipal
oy t/ \ Unbundled
ate __~private
\ Privatised
/

Nationalised

Figure 1.7 Representation of the different journeys taken in different countries en route to unbundled
private companies

Nationalisation (acquisition of private companies by the state) of the ESI was a significant
event in each country where it has occurred, and left its legacy on the industry. While the
ESI in most countries came under public ownership in some form, there was a significant
difference between the national model, in which the ESI concerned electricity alone and
the municipal model, in which the municipality has wider responsibilities and was more
responsive to local issues than national ones. Intermediate between the two models was the
Federal model, which was like nationalisation on a smaller scale.

21 These may be in the form of public bonds with an actual financial guarantee from government, a de facto guarantee from
government, or an actual or implicit government commitment to guarantee revenue. For example the Moyle interconnector from
Scotland to Northern Ireland.
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The public interest and (notwithstanding privatisation), inherent public ownership of the
ESI is apparent in each part of the industry, with the possible exception of the physical
process of power generation.

1.6 SELECTED COUNTRY EXAMPLES

The development in different countries was different,”> and strongly influenced by the

national political model, whether it be centralised (such as Great Britain or France), federal
(such as the USA, Australia and Argentina), or with a strong municipal element (such as in
central and northern Europe). A short section cannot do justice to all the countries of the
world, and the following is a selection of countries that are of particular importance in the
understanding of electricity markets.

1.6.1 Europe

Great Britain — early development from 1880 was rapid, but the coordination of electricity
supply took some time. For example, prior to nationalisation in England and Wales in
1947-8, there were 600% separate electricity undertakings based on over 400 generating
stations. The Central Electricity Board was initially set up as a statutory corporation like the
British Broadcasting Corporation, rather than a nationalised industry, but even just before
privatisation, only two fifths of the 569 distribution undertakings were supplied directly by the
grid. On nationalisation in 1947, the British Electricity Authority comprised 14 independent
area boards, effectively responsible for everything except transmission. Acts of Parliament
were passed to facilitate new entrants, but the reality in most cases was that a small new
entrant could not surmount the entry barriers or gain fair access to paying customers. For
example, the 1983 Energy Act in UK to promote competition to the Central Electricity
Generating Board, had, to quote Margaret Thatcher, the Prime Minister at the time, ‘no
practical effect’.?* Only the creation of large new players from the national monopoly could
achieve change at the desired pace. The industry commenced privatisation in 1990% and has
since experienced fragmentation in generation, followed by some consolidation, and vertical
integration of the unbundled supply businesses with generation businesses. The frontiers of
deregulation continued to be rolled back in all areas, including metering, connections, site
services and distribution networks.

France — The ESI grew from hydropower in the Alps, and was used for electrochemistry and
public transport and lighting. The hydro sources were nationalised in the 1920’s, the national
grid was formed in 1936, and nationalisation in 1946 formed Electricité de France (EDF).
EDF, the ‘national champion’ began the French nuclear programne in the 1970’s, culminating
in substantial exports of power?® and a programme of international acquisition.”’” EDF has
been an innovator in tariff structures. In France, as in virtually all systems, there is private

22 For a summary of several nations as of 1994, See IEA (1994). For current status with respect to degree of competition and
degree of public ownership see Rufin (2003).

23 Weir Committee (1925).

24 Thatcher (1993).

25 For a commentary on privatisation and the results, see Henney (1994).

26 11% net export as a percentage of domestic production in 2004. Compiled from IEA (June 2005).

%7 For further information on mergers and acquisitions in Europe during the key period of 1998 to 2002 see CERNA (2002).
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generation as well as state owned generation. The political model in France is the ‘social
contract’ in which EDF signs a commitment to technical and financial performance. The
privatisation of EDF began in November 2005 with a share offering of 15 % of the shares.

Germany — The early development in Germany?® was quite different to that in Great Britain
and France. Soon after the birth of the ESI in 1878 in Britain and America, Germany took
the lead®® and led the world until 1913. Indeed Berlin was called the Elektropolis*® by some.
Utilities grew from the shareholder owned manufacturers and had detailed contracts with the
cities for the supply of light and power, executed by the Magistrat of civil government. Partial
universal service was mandated, prices were set by regulation, and compulsory purchase by
the state was protected against for set periods. Electricity demand in the First World War,
and then coal export requirements under reparations agreements from the treaty of Versailles,
stimulated the growth of lignite mining for power, and the government entered into what
we now call power purchase agreements with the private utilities. Regional utilities with
both private and public/private ownerships grew in strength. Nationalisation was envisaged
to make a single transmission grid and a pool, and indeed a nationalisation Act was passed
in 1919. However, this was never implemented. The extent of public share ownership
increased, and the system today is divided into five interconnected control areas, with four
dominant vertically integrated utilities. The two largest utilities, RWE and E.ON embarked
on a programme of international acquisition.

Scandinavia — The well known Nordpool power exchange began in 1991 as Statnett Marked
AS in Norway, and was joined successively by Sweden (1996), Finland (1997), Western
Denmark (1999) and Eastern Denmark (1999). In Norway, the largely hydro based system
is mainly municipal with some state ownership, and most but not all of the grid being state
owned. In Denmark, the two major transmission companies are owned by the major genera-
tors, Elsam and Elkraft. In Finland, grids are owned by state and private consortium and also
market power. There are many distribution companies in each country and consolidation is
occurring gradually.

Greece remains a state owned vertically integrated monopoly.

Spain has a mixture of public and private ownership, with the state being the major share-
holder of the national champion ENDESA and the grid RED ELECTRICA. The largest
Spanish companies engaged in international acquisition, particularly in South America.

Italy — The state owned vertically integrated monopoly Enel was fully privatised in 1999
after nationalisation in 1963 and later transformed to a joint stock company with the state
as major shareholder. Transmission was unbundled and smaller generating companies were
formed in the 2000’s from specified plant and then divested. Independent CCGT power
production in the 2000’s has been facilitated by market reform, divestment from Enel and
production shortfall from the ending of nuclear power, the lack of coal and the high price
of oil for oil fired stations.

28 Then Prussia. For a fuller account, see Hughes (1983).
29 Hall (1998); Hughes (1983).
30 yon Weiher, ‘Berlins Weg zur Elektropolis’ taken from Hughes (1983).
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1.6.2 Development in the Americas

USA - In the USA,! whilst there were many investor owned utilities, the Public Utility
Commissions had a high degree of control, and could regulate the utilities and set prices.
However, the extensive geographical holdings (three utilities controlled over half of the
generation in the USA), meant that it was hard to identify value chain costs and therefore
hard to regulate them. Accordingly, the Public Utility Holding Company Act (PUHCA)*? of
1935 forced the breakup of the large utilities into regional vertically integrated utilities. In the
same year, the Federal Power Act was passed, which gave the Federal Power Commission
(which became the Federal Electricity Regulatory Commission in 1978), the authority to
grant licenses for generation and transmission, which gave them the control to ensure fair
and non discriminatory access. These two Acts kept power in the hands of the state.

Regional cooperation continued between control areas. In 1927 three utilities signed the
PA-NJ agreement to form the first integrated power pool, which became PJM after two
more utilities joined in 1956. PJM has developed on a more or less continuous basis since
its formation and remains an industry pioneer. There were agreements before that such
as the Connecticut Valley Power Exchange which interconnected two utilities, and many
utilities still in existence were born, such as the Tennessee Valley Authority (1933) and the
Bonneville Power Authority (1935).

Technical management grew through self regulation in the form of Reliability Councils,
ten of which merged in the late 1960’s to form the North American Electricity Reliability
Council NERC.

Policy decisions are often driven by events, and a seminal moment in the history of the
ESI in the USA was the ‘great Northeast blackout’ in the USA in 1965. Like most blackouts
in developed economies, this was due to the knock on consequences® of a fault, affected
30 million consumers, and spread hundreds of miles from Buffalo to all corners of the
Northeast.

In 1973, after the first oil shock, Nixon launched Project Independence with a legal
deterrent to generation from imported fossil fuel in the form of oil and natural gas.

In 1978, under the Carter administration, the Public Utilities Regulatory Policy Act
(PURPA) was passed, which forced the incumbents to accept power generation from inde-
pendent ‘qualifying facilities’ at the avoided cost of incumbent. The qualification condition
was generally for power to be generated from renewable sources. In practice, although by
1992, albeit a lean year for construction, 60 % of new entrants were independent power
producers, predominantly fossil fired.

The Energy Policy Act 1992 created the capability for the independent generators to sell
power directly to the local distribution-and-supply companies, rather than having to sell to
power generators. This paved the way for deregulation. The Act also extended the power
of the FERC to order utilities to provide transportation on a non discriminatory basis. The
implementation of the Act was in FERC Orders 888 and 889 in 1996. FERC 888 in fact

31 For further information, see Brennan, Palmer and Martinez (2002). For an account of the development of the ESI in the USA
from the early days to the 1980’s, see Munson (1985).

32 In order to support competition, the Senate voted in July 2005 to repeal PUHCA.

33 This is called a transient stability event. Transient stability is described in 2.3.1.2. One of the reasons that Consolidated
Edison took a long term to return is that they did not have ‘black start’ capability (see section 2.2.21) and needed power from the
grid to start.
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interpreted transmission in a wide sense and in addition to simply making the wires available
to access, specified reserve, balancing and ancillary services.*

The standard market design (SMD) was a bold experiment which potentially had far
reaching effects beyond open access. It specified:

(i)  independent transmission provider;

(ii) flexible transmission service with tradable congestion®> revenue rights;

(iii) transmission pricing reforms;

(iv) open and transparent energy spot markets; day ahead and real time markets for energy
and ancillary services;

(v)  congestion management through location marginal pricing;

(vi) market monitoring;

(vii) regional planning process along with a resource adequacy requirement;

(viii) creation of regional state committees to address planning, siting, and other issues.

However, it proved to be a step too far at a time when debate about markets and liberalisation
in the post-Enron post-California crisis environment is rife and agreement insufficient.
Accordingly the notice of proposed rule making for SMD was terminated in July 2005.3
The Enron experience and the knock on effect on power marketing firms, both on the way
up and the way down, had a significant influence, with the result being that at present, ‘At
the very least, the pace of wholesale and retail competition and the supporting restructuring
and regulatory reforms has slowed considerably since 2000’ Joskow (2003).

Canada — The Canadian model is quite different to that of the USA, with most utilities
being vertically integrated and owned by the provinces, with varying degrees of competition.

South and Central America — South America was an early leader in electricity deregulation,
with Chile in 1982, followed by Argentina (1992), Peru (1993), Bolivia and Columbia
(1993), Central American Countries (1997), and Brazil, Mexico, Ecuador in late 1990’s. As
of 2002,%7 the degree of private ownership in generation was Chile 90 %, Argentina 60 %,
Peru 60 %, El Salvador 40 %, Brazil 30 %, Ecuador 20 %, Costa Rica 10 % and Mexico 10 %.

1.6.3 Australasia

Australia — Australia is a very large country with six states, two territories and large distances
between population centres. Constitutional responsibility for electricity resides with the state
governments. State interconnection began in 1959 and continues. The National Electricity
Market (NEM) has membership of five states and one territory. Ownership is substantially
unbundled and private, with state ownership being highly corporatised.

New Zealand — New Zealand is one of the pioneer countries for wholesale markets, begin-
ning in 1996. The generation and transmission sectors were state owned with unbundling of
distribution and supply, formation and divestment of small hydro stations and one generator,
and deregulation, from 1995 to 1998.

34 The transmission companies in question generally owned generation assets.
3 Congestion means exceedance of the limits of the transmission lines.

36 FERC docket No. RM01-12-000.

37 Source InterAmerican Development Bank.
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1.6.4 Asia

China — China has the fastest growing ESI in the world. Responsibility for the energy
sector is shared between ministries. The semi-autonomous State Power Corporation (SP)
was formed in 1997, assuming control after the Ministry of Electric Power. Funding has
been a mixture of grants, subsidised loans from central government with some funding from
provincial and local utilities. SP plans to unbundle and create full competition in generation
in the years to 2010. Organisational of SP is regional.*

India — India is the world’s sixth® largest energy consumer. State Electricity Boards run the
distribution sector and own most generation. Liberalisation in the 1990’s was designed to
encourage investment in independent power producers, but third party access through the grid
and complex cross subsidies have created commercial challenges, and foreign investment
has been limited and with mixed experiences.

Japan — The ESI was monopolised by the state during the Second World War, and converted
to state owned regional vertically integrated monopolies in 1951. Reform began in 1995
with little change in ownership.

Russia — The joint stock company RAO UES, initially a monopoly arising from the Soviet
system and still with state ownership of the majority, maintains control of the grid, has
divested vertically integrated regional ‘Energo’s’ but retains extensive share ownership of
them. Planned reforms are extensive, to encourage foreign investment capital and provide
the requisite third party access. Gas is particularly important in Russia due to the large
volume produced there.

1.6.5 Africa and the Middle East

Ownership remains almost entirely in the hands of states, while independent power produc-
tion exists to varying degrees. Privatisation is planned in several states, but is commonly
delayed or with no particular deadlines.

3 For a diagram of the 27 companies, see Loi Lei Lai (2001).
% Source EIA (2003).
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Structure, Operation and Management
of the Electricity Supply Chain

The ability of the ESI to deliver the policy objectives is influenced by its structure and its
physicalities, such as technology and energy sources.

The electricity supply chain can be conveniently divided into energy sourcing, power
generation, high voltage transmission, low voltage distribution, metering and supply. We
cover the organisational structure and development of the ESI in Chapters 3 and 4 and in
this chapter we establish the physical, technical and mechanical aspects of the electricity
supply chain, with particular emphasis on those aspects that influence, and are influenced
by, market development.

2.1 ENERGY SOURCES

There are seven forms of energy that can interchange between each other as part of the
power production process. These are: nuclear, thermodynamic, potential, kinetic, mechanical'
elastic, electrical/electromagnetic and chemical. These are shown schematically below.

Electromagnetic —————__ Photovoltaic
(Energy \
crops) ~__
(Hydrogen) “* Chemical

Chemical «———  (Fuelcells)
(Combustion)\
Potential
(Hydro, tide)

X
N \ ) Electrical/
: Kinetic = ectrical
Nuclear —— Thermodynamic — (Rotation)  electromagnetic
P

Kinetic /
Thermodynamic, (Wind, wave)
(Geothermal)

Figure 2.1 Interchange between energy types

The power generation mix in different countries varies markedly, and the biggest factors
influencing the mix are:

(i) historic legacy of energy imports from long term trade partners;

(i1) natural endowment of fossil fuel or renewable energy in a form amenable to power
generation;

(iii) politics and social/cultural opinion in relation to coal mining subsidies, nuclear power,
emissions, renewable energy and related matters;

(iv) effectiveness of the ESI in coordinating, managing commercial relationships, and effi-
ciently and reliably delivering energy and capacity;

! This form of conversion is called piezo electric. It is not used for provision of heat or motion.
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(v) general transportation infrastructure to, from and in the country in question;
(vi) climate, which affects heating demand in winter and air conditioning in the summer;
(vii) legacy of district heating, which uses steam rather than power and gas for space heating.

2.1.1 Fossil fuel

Fossil fuel accounts for 24.4 %> of total primary energy source (TPES) in the world and
20.5 % in OECD countries and is burnt in power stations in solid, liquid and gaseous form.
The ESI accounts for 16.1 % and 19.4 % respectively of world and OECD energy usage
respectively. Opinions differ with respect to the future role of fossil fuel. What is in doubt
is whether the rate of increase of efficiency in the whole value chain for fossil fuel from
exploration to usage will over a long period® outweigh the rate of depletion. For the purposes
of examining the ESI, it is enough to know is that there is a will and a financial pressure to
reduce our dependence on fossil fuel.

Fossil fuel fired power generation, uniquely, covers the whole spectrum of ‘load factor’* from
‘baseload’ plant to ‘peaking’ generation, as a direct result of the combination of fuel prices and
generation technologies. The fuel determines the technology and the technology determines the
operation. Similarly, emissions are determined by the fuel, technology and the operation.

Fossil fuel is commonly associated with emissions, particularly carbon dioxide, sulphur
dioxide (‘SOx’), and nitrogen oxides (‘NOx’).

The transportation involved in fossil fuel generation is extensive, and the concentration
of sources creates a price gradient and a security of supply gradient. We will examine these
later when we consider location in Chapter 7 and security of supply in Chapter 12.

2.1.1.1 Solid fuel

Solid fuel has forms dependent on age. The youngest is peat,’> which is still burnt in places
such as Ireland.

Brown coal or ‘lignite’ is a young coal that is commonly surface mined in places such as, in
volume order,® Germany (21 %), Russia (9 %), USA, Greece, China, Australia and Poland. The
low calorific value and high moisture content dictates combustion of the lignite near where it is
extracted. The low calorific value per dry tonne, and the high moisture content makes the cost
of transporting the fuel significantly higher than transporting the power that can be made from
the fuel on site and so in practice lignite does not travel internationally as hard coal does.

‘Hard coal’, ‘steam’ coal’, or simply ‘coal’ looks more like what we use on barbecues and
is divided into sub bituminous coal at the youngest end, through to bituminous coal, and
eventually anthracite. Coal has been used extensively since the steam age over 200 years
ago,® and resulting depletion of surface coal means that the costs of hard coal extraction are
relatively high in Europe.

22003 - Source IEA Key World Energy Statistics 2005 for all similar data in section 2.1 unless otherwise noted.

3 For discussion on price growth see sections 9.5.2 and 10.1.27.

4 Described in section 2.2.

> Still younger is biomass, but this is not classified as fossil fuel, as it is renewable in normal timeframes.

% Source EIA (2003).

7 So called because it is used to make steam from water. Coking coal is used for steelmaking.

8 Sea coal, initially mainly exposed by the action of the sea, was used extensively enough in the 16th century in England for
Queen Elizabeth to complain about the effect of its burning on the atmosphere of London. (Ackroyd 2001).
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Production volumes of steam coal are® in, in order, China (37 %), USA (25 %), India,
Australia, South Africa, Russia, Indonesia, Poland, Kazakhstan and the Czech Republic
and export volumes are from, in order, Australia, Indonesia, China, South Africa, Russia,
Colombia, USA, Canada, Kazakhstan and Poland.

The technology of coal boilers and combustion is quite specific, and power station boilers
were commonly designed to burn local coals. The increasing trend to burn a range of coals,
including imported coal, commonly requires changes to the configuration and operation of
the plant.

The driver for coal mining subsidies is protection of the direct and indirect labour asso-
ciated with coal mines. Coal is intimately connected to the industrial, economic, political
and social heritage of many nations. While state subsidies are generally outlawed in the
EU, coal (along with steel) has a special position that arises from the legacy of the EU. Of
the three treaties that formed the basis of the original European Economic Community, the
European Coal and Steel Committee of 1951 was one. This enshrined the rights of the state
to subsidise!® coal production.!! For example, in some countries the government makes up
the difference between the price of international coal delivered to power stations and the
cost of mining and delivering domestic coal.

Coal mining is a good example of how ESI changes that have long term socio-economic
impact (in this case the displacement of labour) must themselves happen at a pace that can
accommodate such changes without excessive interruptions. While self sufficiency in energy
was as much a driver for coal production as labour protection, the argument has shifted to
the balance between managing gradual change of industry and the management of depleting
resources and pressure on the environment.

Two economies particularly important in the consideration of coal and coal fired generation
are India and China. Over 50 % of energy and over 70 % of power generation in India is
fuelled by coal. In China, over two thirds of energy and between 70 % and 80 % of power
generation are by coal.

As environmental limits tighten and internationalisation of the coal market increases,
specification becomes more and more important, and the different characteristics of coal are
developing ‘factor’ or ‘basis’ costs.

Text Box 2.1 — The physical characteristics of coal

Coal is not a simple homogeneous commodity, and has many features that affect its use
in power station in terms of cost, damage, operation, and emissions. Each of the factors
listed below, and several others can vary greatly from coal to coal:

(i) Sulphur — While 1 % sulphur by weight is a rough average for international coal,
sulphur coal can vary from about 0.1 % up to around 2 %.

(ii) Nitrogen — Although coal does contain some nitrogen that contributes to the for-
mation of nitrogen oxides, collectively called NOx. NOx is mainly produced from

9 Source EIA (2003).
10 For example in the UK, coal has been in decline since 1913, and increased its reliance for offtake by the ESI from 14 % in
1947 to 79 % by 1992. Henney (1994).

1 For example in the mid 1990’s the ‘kohlepfennig’ (coal penny) consumer levy in Germany, or the coal backed contracts to
regional electricity companies with regulated consumer prices in Great Britain.
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Text Box 2.1 — Continued

nitrogen in the air as a result of a hot flame. Different coals have different flame
characteristics or restrictions on changing the flame characteristic in the boiler

(iii) Chlorine — Chlorine is highly corrosive and can reduce boiler life substantially.

(iv) Slagging and fouling — Elements in coal other than carbon, hydrogen, nitrogen and
oxygen ideally leave the boiler as ash, but some coals are more susceptible to the
formation of slag, which reduces boiler efficiency and can cause damage.

(v) Heavy metals — Especially mercury. Leave as ash or in the flue gas.

(vi) Moisture — Impacts efficiency since the water is heated and leaves as steam. Also
increases transportation and handling costs.

(vii) Ash — Must be disposed of in dedicated lagoons.

(viii) Hardness — Coal entering the boiler is pulverised to fine consistency in mills.
Hardness affects mill wear and efficiency.

(ix) Calorific value (CV) — Coal throughout to the boiler is limited by the mills. Low
CV coals can reduce output and efficiency.

(x) Carbon dioxide — The greater the carbon/hydrogen ratio in the coal, the greater the
CO2 emitted per unit of energy delivered.

(xi) Volatile organic compounds (VOC’s) — Leave in the flue gas.

(xii) Volatiles — Which can cause loss of energy of the stockpile, fires in the mills that
pulverise the fuel, and flame effects.

Each of these factors affects the production cost, requires investment and maintenance
cost, and affects the reliability and availability of the plant. They can be treated as factor
costs. In general there are engineering solutions to each issue but each costs money. The
physical make up of coal is particularly important in the evaluation and monetisation of the
environmental impact of its combustion.

Petroleum coke — called ‘pet coke’ for short, is a by-product of the refining process and
can be co-fired in some coal fired power stations. Sulphur content is high (in excess of 5 %)
and hence it is only suitable for plants with flue gas desulphurisation. At around 50 million
tonnes per year, global output is less than 1 % of that of coal.

2.1.1.2  Liguid" fuel

The use of heavy fuel oil'* accounts for 6.9 % of power generation but is decreasing in power

stations, because the fuel is too expensive for ‘conventional’ generation and not suitable for
the efficient ‘combined cycle’ generation.

Diesel generation is widely used from domestic size to industrial. Although the efficiency is
low, the generation is highly portable and the fuel is widely available.!* In many countries,

12 Liquid when burnt. They often have to be heated to liquefy them.

13 Heavy fuel oil is a relatively low value product of crude oil refineries that is a viscous solid at room temperature. The price
is dictated by the demand for the product and the cost of ‘cracking’ it in the refinery to make higher value products.

14 The diesel is the same as is used in cars, plus and minus different additives. It is commonly dyed due to the different taxation
status accorded to diesel for domestic consumption.
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diesel generation is a mainstream backup for failure of the ESI to deliver reliable (or
any) power.

Orimulsion (an oil/water mix mainly from Venezuela), oil residue (from well bottoms
and from crude oil cracking) and other forms of fossil fuel are used in different plants in
different parts of the world. The total percentage production is very small, supply is limited
at any one time by production capacity, and combustion is commonly complicated with high
emissions.'> At present, this form of power does not play a significant physical or economic
role in power generation.

The cracking process converts high molecular weight hydrocarbons to low molecular
weight hydrocarbons and hence there is a degree to which fossil fuel can be converted to
more attractive and useful forms. Some forms of fossil fuel under the ground are expensive to
extract but the application of technology and/or higher prices is increasing output. Currently,
tar sands, which have been extracted in Canada since 1978'¢ are continually decreasing
the output cost, and oil shale, should it become economic to extract is the subject of vast!”
resources.

2.1.1.3 Gas

‘Natural gas’ is predominantly composed of methane (CH4), and is commonly called simply
‘gas’. Variations in composition (mainly CO2/CH4 ratio) require separate pipeline systems
in many instances. It accounts for 19.4 % of ESI production.

Gas fired generation covers a very wide range of sizes and extent to which steam is
used directly, and this creates a degree of flexibility for fuelling. Some plants are designed
specifically to accommodate alternative fuels such as blast furnace gas, refinery gas, distillate,
naphtha and other gases. Due to the direct hot gas exposure of turbine blades,!® that are
built to operate very fine tolerances, to very high temperatures and gas velocities, they must
be specifically designed to operate with a particular fuel diet. The most advanced combined
cycle gas turbines are highly sensitive to even small changes in calorific value and moisture
content. For example, the widening of specification of gas in the UK in 2005 to accommodate
a wider range of fields during depletion of some, and the associated change in gas initially
caused technical issues in some power stations.

The stoichiometric equation for the combustion of hydrocarbons is 4C, H, + (4x +y) O, =
4xCO, + 2yH,0. For the same amount of thermal energy, coal involves around 50 %
more production of carbon dioxide than gas does. From a carbon dioxide perspective, a
major uncertainty for gas is the methane losses involved in the extraction. Methane has
20 times the greenhouse effect of carbon dioxide and hence a loss rate from exploration'”
to combustion exhaust of 5% would double the estimate of greenhouse gas effect of gas
utilisation.

15 While these are commonly captured at the end-of-pipe in the power plant, the unit cost of capture is high.

16 Lomborg (1998).

17 According to one source (Craig etal. 1996) the oil shale resources (as distinct from reserves) are eight times more than all
other fossil fuel resources combined.

18 The turbine blades experience the harshest treatment, but the full ‘hot gas path’ from combustion silo to exhaust, experiences
damage.

19 An executive from one of the Russian oil giants was recently asked what the loss rate was, to which he replied ‘I don’t
know. It is unimportant’.
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2.1.2 Nuclear

Nuclear power accounts for 15.8 % of electricity production. There are two types of nuclear
reaction — fission, in which uranium 235%° splits into smaller atoms, and fusion in which
the hydrogen isotopes of deuterium (sourced from water) and tritium (sourced from lithium)
atoms combine to form inert helium. Fusion has only functioned practically so far in the
form of a bomb. Research into the technological possibility for nuclear fusion continues.

As of 2004, the main sources of uranium are?! in, order, Canada (29 %), Australia (21 %),
Kazakhstan, Niger, Russia (estimated), Namibia, Uzbekistan, USA, Ukraine and South
Africa.

Nuclear power has been a significant source of electricity since it began® in the UK in
1956, and nuclear generators continue to be built in, for example Finland, Czech Republic
and Slovakia. Along with coal, nuclear power was the subject of two of the treaties that
formed the basis of the original European Economic Community. The Euratom Treaty
fostered the international cooperation for the development of civil nuclear power in 1957.

Nuclear power has an uncertain future, due to widely varying ideology and definition
of the potential damage of nuclear power. For the enthusiasts it represents a long term
solution (now rejuvenated by the carbon dioxide agenda), for others it is considered a stopgap
technology, and for others it has no future place in the energy solution.

2.1.3 Renewable combustible matter
There are essentially four categories:

(i) Waste and by-products still homogenous and in natural or near-natural form (such as
woodchips, palm oil and chicken litter).

(i) Other waste from manufacture.

(iii) ‘Post-use’ waste (such as domestic refuse or methane from the dump).

(iv) Energy crops grown specifically for combustion, commonly on land which for reasons
of agricultural subsidy was set aside and no producing crops. This kind of energy can
be co-fired with fossil fuel in conventional plant or burnt in dedicated plant. Transport
of these is expensive due to the limited sources, low ratio of energy to weight and
size, and small sizes of the dedicated power generators or long distance to co-firing
generators.

The primary combustion process is that of hydrocarbons, and hence renewable combustible
matter produces CO2. Power plants consuming methane that would have been released to
the atmosphere have a reduction on net greenhouse gas release.

2.1.4 ‘Hot’ natural energy

Since nuclear and fossil fuel energy is converted into power via the production of heat,
then it is apparent that a direct heat source such as geothermal energy or thermal energy
from solar power can do the same. Being of low temperature, the energy ‘quality’ is low

20 The predominant natural form of uranium is U238. It has to be enriched to approximately 3 % concentration for nuclear
reactors. For further information see WANO (2005).

21 Source: WANO (2005).

22 The first controlled chain reaction was by Enrico Fermi from a ‘pile’ of uranium in an abandoned squash court in Chicago
in 1942.
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(see thermodynamics text box in section 2.2.18) and heat does not travel efficiently. Hence
the power generation must be near the source (which often may not be an ideal place to
operate a power station), and the sources are commonly not near demand. Iceland has a
substantial proportion of power from geothermal sources, and as a result has attracted energy
intensive industries.

2.1.5 ¢Cold’ natural energy

The sources are essentially water (lakes and rivers, waves, and tides), wind (offshore and
onshore), and sun® (photovoltaic). The issues are source, capture, installation scale, amenity,
variability of primary energy source and the usability of the product that is created by the
technology. The energy source is large and sustainable and hence growth in power generation
technology in developed nations is focussed on this area. Hydro power accounts for 15.9 %
of electricity supply overall, but in many countries this percentage exceeds 50 %.

2.1.6 Hydrogen

The need to maintain a mix of generation types means that combustion is likely to remain the
dominant form of power generation for the next few decades, and there is a strong incentive
to use a fuel that does not cause substantial emissions. Hydrogen can be burnt in combined
cycle gas turbines® after some adaptations.

Hydrogen is not captured directly as an indigenous source of energy in its own right and
must be made from other chemicals by thermal, chemical or biological methods. Currently
95 %% of production of hydrogen is produced chemically from methane, and in fact around
5 %% of US natural gas is used to make hydrogen, mainly in refineries and petrochemical
plants. Hydrogen capture at the wellhead could also capture the carbon dioxide at the same
time, and use the existing gas infrastructure for hydrogen transportation and combustion.
Production from water (by solar action) and biomass (from bacteria and sunlight) is expected
to increase, and this may eventually happen on an industrial scale.

Whilst hydrogen power is not economic using current technology, it is likely to become
economic over the next 50 years as fossil fuel becomes more expensive due to depletion, and
the cost of the associated environmental load from its combustion rises. Since the production
of hydrogen can be remote from the combustion its economics, once produced, are very
similar to those of primary fuels.

2.1.7 Stored

While it is an oversimplification to say that electricity can’t be stored, it is correct that it
cannot be practically stored in the form of current.

Electricity in the form of current can be used to make energy forms that can then
be converted back to current. The dominant form of power generation that is designed
specifically to store energy produced by alternating current (AC) is pumped storage, in

23 The sun is used for heating, and there are technologies to use the heat to generate power. Archimedes is reported to have
enabled the Roman fleet to be set on fire with focussing mirrors in 212 BC (Foley 1976).

24 For example the Peterhead plant in the UK plans to make hydrogen and carbon dioxide from oil, burn the hydrogen in a
(repowered) combined cycle gas turbine, and inject the carbon dioxide back into the oil field. Source BP.

25 National Hydrogen Association.

26.1997. President’s Council of Advisors on Science and Technology.
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which motors drive water up to a lake at one time, and then hydro power is made at a later
time. Typically efficiencies of large plant are 96 % for motor and generator, 77 % pump and
turbine, 97 % pipeline and tunnel and 95 % line losses, giving an overall 67 %.”

Another method of potential significance is industrial scale fuel cells, which convert
electrical energy to chemical energy and back using a form of fuel cell with tanks of
electrolytes separated by a semi permeable membrane. The technology is potentially scalable
to industrial size.

There are other storage methods such as compressed air storage, heat storage, secondary
batteries, superconducting magnetic energy, flywheels and supercapacitors. Currently, these
have application only for specialised use.

Despite high capital costs and low efficiencies, electricity storage has high potential
economic significance because of the need to maintain a continuous electricity balance in
the system and the increasing generation from sources with high unintentional variations
in load, such as from wind power. As power prices rise, storage becomes more attractive
because the absolute differential between peak and off peak prices rise.

2.1.8 Consumables

Power stations have a number of consumables such as hydrogen for cooling, sulphur triox-
ide for improved precipitator performance, purified water, carbon dioxide for purging and
propane for firing. Whilst the cost of these is small in relation to primary fuel, they can be
important in the consideration of short term security of supply.

2.1.9 Integration of energy sourcing and power generation

Energy sourcing and fuel production should be regarded as an integral part of the electricity
life cycle.

In gas, ‘Take or pay’?® contracts between generators and fuel suppliers have volume
arrangements to suit the shared economics of production and consumption by having a
minimum take (thereby ensuing investment payback on the production asset) a maximum
take (recognising the maximum productive capacity and providing a bonus for accelerated
production) and a consumer volume flexibility within the year (recognising the effect of
breakdowns and natural variation in demand). These take or pay contracts create a high
degree of mutual dependency between producer and consumer on one another’s economics.
For example, the take or pay clauses, and the interruptibility clauses are commonly ‘non
ruthless’, meaning that they may not be exercised in response to market conditions for the
fuel. ‘Burner tip’ supply contracts for gas to power stations, require the gas to be physically
burnt, and may not be opportunistically sold in the open market for gas. Similarly, since
the volume option is held by the consumer, supply cannot be withheld to make opportunist
sales to the open wholesale market, and interruptions must be for genuine physical reasons.
The contracts contain a high degree of indexation to transparent and tradable indices (for
example oil prices and retail price indices) and non transparent indices (such as indices that
are related to specific elements to which producer or consumer are exposed). This mutual

8

2 Weedy and Cory (2001).
28 These contracts have designated maximum and minimum quantities and are described in section 6.4.1. The name ‘take or
pay’ arose since the minimum payment corresponds to the minimum take, even if the fuel is not consumed.
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exposure to long and short term economics, and the mutual dependency for source and
for demand creates a vertical integration of sorts between much fuel production and power
generation.

In lignite, the cost of transporting lignite means that the mine and the power station are
local monopoly and monopsonies, and require extensive coordination, and hence are usually
under common ownership.

In hard coal, the historic proximity of the power station to the mines creates a strong
mutual dependence and in addition, the power stations are commonly designed to suit
local coals. However, this relationship is more decoupled than it was previously due to the
internationalisation of the coal market.

In nuclear power, the specific requirements for safety in transportation and the rest of the
supply chain restrict the wholesale trading of nuclear fuel. There is therefore a high degree
of mutual dependence between miners, processors and generators. Similarly there is high
mutual dependence between nuclear generators and of downstream operators such as spent
fuel reprocessors and decommissioning agents.

In renewable energy there is a close link between sourcing/capture and renewable electric-
ity generation. The generation of renewable power requires (i) energy ‘delivered’ to site, (ii)
the technology to convert the energy source to usable power, (iii) consents and permits for
construction of plant and infrastructure, and for continued activity. The generation activity
concerns the activity once the energy has ‘arrived’ on site. This is driven by the available
technology. The sourcing is a distinct activity. The number of suitable sites is commonly
limited, and the construction and utilisation of plant and infrastructure will inevitably have
some (positive and negative) effect on local environment and amenity. The permitting pro-
cess intimately binds together the impact on the sourcing area and the benefit provided by
the power. Similarly, the generation technology is driven by the specifics of energy sources
and the nature of the power produced.

2.2 POWER GENERATION

From a system and economic perspective, the energy provided by the power generator is
best categorised in terms of load factor. Load factor is variously described as; (i) the number
of hours generated over the year divided by the number of hours in the year, or (ii) the
amount of generation, in megawatt hours, produced over the year divided by the theoretical
maximum (flat out at nameplate?® capacity all year round with no planned or unplanned
reduction or cessation).

Baseload* plant, ideally runs continuously all year round with a steady load, some of which
can contend with load variations to add to system stability and reserve capability. In Europe
this is generally lignite fired conventional plant and gas fired combined cycle generation
and in the USA it is hard coal plant. Nuclear generation tends to run baseload wherever it
is installed. Baseload plant has the lowest marginal cost of production, and is said to be
‘high merit’.

2 Thermodynamics determine that power output capacity and efficiency depend on ‘ambient’ conditions such as air temperature,
water body temperature, pressure and humidity. Nameplate capacity tends to be ‘ambient adjusted’ to an international benchmark.
30 Baseload is also called ‘round the clock’ (RTC).
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Peaking plant operates at a load factor below about 15 % and down even below 0.1 %. The
spectrum is from ‘peak lopping’ in which the plant is expected to run at certain times of day
in certain seasons, to more of a reserve function to cover events such as demand spikes or
sudden outages of large generation units that can occur quite suddenly.

Between peaking and baseload is ‘mid merit’, or ‘cyclic’ generation, that generally operates
between about 15 % and 70 % load factors. It is the dispatch and economics of mid merit
plant that is the most interesting in terms of market operation.

Due to the absence of storage capability for alternating current, and the very low level of
dynamic response of consumer demand to signals such as instantaneous price, the amount of
power produced must at every instant equal the amount of power consumed, plus electrical
losses. The high degree of natural variation in demand and the high degree of typical
variation in generator breakdowns, means that an extremely high level of flexibility must
be built into the power generation complex. To provide a wide array of forms of flexibility
(response time, volume, sustainability and cost, long or short term) requires a mix of power
generation energy source and source-to-power conversion technology. In addition, power
generators are required to provide ‘ancillary services’.

In designing markets, we need to characterise plant in the simplest terms possible.
These are;

(i) Energy conversion — Fuel diet, efficiency, and availability (the amount of the time
that the required service can be provided).

(i) Environment and amenity — Impact on air, ground and water and other impacts.

(iii) Flexibility — Capacity, reserve, and other forms of flexibility.

(iv) Reliability — The probability of being able to deliver the planned service. This is quite
distinct from availability (hours per year for which the plant is expected to be available)
although closely related to it.

(v) Cost — The cost of providing each of the above on a fixed and variable basis.

(vi) Ancillary services — These can be categorised as flexibility services such as frequency
response and black start capability, and other services such as the provision of reac-
tive power.

As we model in a more sophisticated manner, we will need to model in more detail (for
example maximum loading rate and sustainability of flexible power, or different kinds of
emissions), and add more elements such as location and size.

To understand how these can (and cannot) be delivered, it is useful to understand the
technology behind them.

2.2.1 Turbine generation

Section 1.1 describes how the rotation of a magnet/electromagnet inside a magnetic field can
create alternating current. The great majority of power generation is caused by this rotation,
and of this the great majority of rotation is driven by a turbine. A turbine is essentially
a fan in reverse. Liquid or gas is projected at the turbine blades which causes a pressure
differential from one side of the blades to the other. The twist on the blades causes the
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pressure to turn the turbine on its axis. The turbines rotate synchronously’' with the grid
and the copper windings in the (rotating) generator rotor transfer energy electromagnetically
to the copper windings in the (static) stator. The voltage is then stepped up in the unit
transformer, commonly from 11-22kV to 275-400kV and out to the switchyard and to the
network.

The power and efficiency of turbines are calculated using the pressure differentials and
flow across them, which are in turn calculated using thermodynamics and computational
fluid dynamics.

2.2.2 Open cycle

In open cycle generation, the combustion of gas creates heat which creates pressure. In
the very simplest design, the gas would simply blow at the turbine after combustion, but
to maximise efficiency the gas and air are pressurised in a compressor (which is like a
turbine in reverse) prior to combustion. The high pressure gas strikes the turbine, which has
a number of rows of blades.

Open cycle turbines do get built, especially for peaking plant, and are relatively quick
and cheap to install. However, the low economic efficiency of burning an expensive fuel
means that open cycle gas turbines ideally run at very low load factor (less than 1 %) or are
‘retrofitted’” with a combined cycle. In mature markets in mature economies, open cycle gas
turbines (OCGT’s) play a less and less important role. In immature markets in developing
economies, they represent an expedient manner to provide power, particularly if there is a
nearby demand ‘host’ for the generation, and dependency on the national system is required
to be limited. OCGT’s have a wide range of efficiencies from around 25 % to above 40 %
for modern aeroderivative engines, and can be designed to run with oil as well as gas.

The local atmosphere at the front row of the gas turbine is extremely aggressive, principally
due to the high temperature, and this limits the form of the fuel that can be used to fire gas
turbines. For example, it is not practical to drive a gas turbine from a coal burner, as the
fuel does not have time to combust before it hits the blade, has excessive particulate matter
in the form of non combustible products that become ash, and is excessively corrosive from
matter such as chlorine and metal salts.

The absence of large volumes of hot gas either on the hot gas path or in a steam section
means that energy storage capability is very low. The provision of energy balancing by load
variation could be done by varying the rate of fuel inflow. However, since metallurgical
damage on turbine blades from turbine inlet temperatures, and the high consequential damage
from fragments passing through many expensive rows of blades are the primary limiting
factor to efficiency, then it is clear that this method of energy balancing is damaging to
the plant. In addition to this, open cycle gas turbines are generally not required for energy
balancing. They are either not connected to the grid, or if they are connected to the grid,
then they are used for reserve and would run either infrequently and at full capacity or not
at all.

2.2.3 Conventional thermal generation

In conventional thermal generation, the turbine is driven not by hot gas, but by purified
water in the form of steam.

31 Power with variable influx of energy, such as wind and wave, tends to be asynchronous.
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Fuel combusts in a boiler with a large surface area composed of water and/or steam pipes.
The water/steam is heated on contact with the hot metal tubes and, before and after various
recirculations, the steam strikes the turbines. The exhaust steam then passes through the
condenser to cool. The condenser is like a boiler in reverse, and the heat is carried away by
thermal contact (across the heat exchanger tubes) with water from a nearby water body and
by evaporation through a cooling tower.

The fuel combustion itself happens by the projection of the fuel into*? the boiler through
a series of burner nozzles. To do this with coal, it must first be pulverised in the mills*® to
the consistency of face powder.

Efficiency of well run conventional generation is commonly around 35 %>* for plant built
in the 1970’s, with efficiency rises of around 0.25 % per year of build date.

While most coal is delivered directly to the bunker that feeds the mills, much can be
delivered to the coal stock, and the ability to store and segregate stock and to blend means
that not only can the fuel be stored generally, but there is some control on the planned
variations in characteristics such as emissions and flexibility.

Stack
Precipitator High Intermediate  Low pressure
pressure pressure steam steam turbine
steam turbine

turbine

Transformers

Boiler

Pump Condenser

Carbon path > !?wer>

Figure 2.2 Schematic depiction of a conventional fossil fuel plant, showing the path of treated water

Operating cost is minimised by having large units and large numbers of units per site. Very
large units do exist (for example the 6 x 660 MW Drax coal plant in England, and the
950 MW Niederaussem nuclear plant in Germany). However, very large units increase the
vulnerability of systems, as a single unit breakdown has a significant effect on the system.
Hence, small systems have largest units that are correspondingly small.

While the large components and large infrastructure associated with coal fired power
stations means that they have a relatively high footprint on the landscape per installation,

32 Fuel can instead be fed in on a chain grate or in a fluidised bed.

33 The mills are essentially large grinding machines. The coal is blown into the pulverised fuel pipes through a classifier, which
rejects the larger particles.

34 Measures of power station efficiency that are practically useful must be defined carefully. The definition used here assumes
that the calorific value of the coal already compensates for loss of latent heat as the water leaves as steam (i.e. the lower heating
value) and is then ‘gross net net’, meaning that the efficiency includes power used by the power station.
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this footprint is actually very low per MW of production compared to the various forms of
distributed generation.

Conventional generation plant has a high degree of interdependence between the parts.
At each stage there is diversion of energy, for example the diversion of steam for reheat, or
drawing electricity from the unit transformer to drive the auxiliary motors. Similarly, a loss
of function at one stage can be made up by another stage, albeit at a loss of efficiency. For
example not all mills will run simultaneously, so a mill can be brought into service if one
fails. Similarly a heat or pressure loss in one part of the system can be made up at various
other parts of the system. All this adds up to complex loose system which cannot be readily
modelled. The idiosyncrasies of each particular plant are well known and managed by the
operators.

The amount of energy generally present in conventional plant, with the potential for
short term release, is large relative to other plant except for hydro plant. The tolerance to
release/store some energy in the form of temperature and pressure to temporarily produce
more/less power is high. The energy storage capability is higher in the older subcritical®
plants that have a large steam water interface. The volume of hot gas inside the boiler is also
large (typically 20,000 m?) and therefore there is also some energy storage in the combustion
products. The high surface area of metal also represents a large thermal mass. Energy flow
is adjusted by valves at many stages of the process.

The dominant types of conventional plant are hard coal, lignite, oil and nuclear. The fuel
and combustion/fission characteristics are quite distinct, and this drives the plant design.
The design then affects the performance due to, for example, inherent flexibility, safety
limits, knock on impact of component failure and materials performance limits. For example,
varying the heat output from a nuclear reactor requires raising and lowering the control
rods. The water circulating is at very high temperature and the high safety design factors
require thick metal, particularly for high pressure technologies such as the Pressurised Water
Reactor. Thick metal undergoing thermal change endures internal high stresses which could
conceivably cause cracking, and this limits the rate of thermal change, and hence the rate of
load change in nuclear power stations.

Due to the transport inefficiency of lignite, the lignite power generators are commonly
situated next to the mines (although the area of extraction will move by many kilometres
over the mine life).

Coal fired generators can commonly be converted to allow the additional burning of gas,
or renewable matter (either through the mills or directly fed). In the case of gas, usually
only the burners need to be modified. In the case of renewables, a number of changes need
to be made at all points from fuel arrival, through the whole combustion path, to emission
capture and ash disposal.

Blending of other combustible material such as waste or organic matter is dependent on
the boiler technology (particularly boiler geometry and fuel delivery mechanism). Depending
on fuel and technology, the other material can be fed in on a chain grate, pulverised in
a mill (pre-blended or not), form part of a circulating fluidised bed, or fed in adapted
burners.

35 In subcritical plant, the steam turns back to water in the cycle. In supercritical plant (which is newer), the temperature is
above the supercritical point so there is no water/steam transition in the boiler.
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2.2.4 Combined cycle

In a combined cycle gas turbine (CCGT), the hot gas from an open cycle gas turbine exhausts
into a boiler called a heat recovery steam generator (HRSG) and the resulting steam drives
the steam turbine. Gross efficiency of gas plant is around 45 % for plant built around 1980,
with around 0.5 % extra per year of build, although there appears currently to be a technology
limit at around 60 %, due principally to the limitation in making a turbine blade material
that can operate at a higher turbine inlet temperature. The construction time for gas turbines
is short relative to coal fired power stations, partly due to the small footprint (total space
occupied, visual impact, road and rail delivery infrastructure, local environmental impact)
which results in shorter consenting, and partly because there is less on site installation
required than in conventional plant.

2.2.5 Combined heat and power (CHP)

Steam is commonly used for heating living and working spaces and for industrial instal-
lations. However to use fuel to create low grade (low temperature) heat is wasteful of its
thermodynamic potential and rather than raising the steam directly for use as heat, it is most
efficient®® to use the fuel first to generate power and then to use the exhaust (or at least
intermediate steam) as heat. This is the principle of combined heat and power.

Combined heat and power can operate at a large scale (over 100 MW, with the limit
generally being the local demand for heat) and on a very small scale. At the smallest scale,
CHP ‘microgeneration’ (generating electricity at home from domestic gas) has been installed
in hundreds of thousands of households. The economics of mass microgeneration in the
form of domestic CHP is still in question.

Combined heat and power, also called co-generation, or simply ‘cogen’ is favoured by
governments due to its high efficiency, and there has been a consistent effort to support it
through mechanisms such as tax breaks, inclusion of CHP as valid for certificates that can
be redeemed for feed-in tariff or similar, and relaxed status on moratoria.>’

Since the amount of steam produced can vary widely, from 100 % power generation to
100 % steam generation, a definition is used to determine whether a specific CHP installation
qualifies for tax and other benefits. The definition of ‘good quality CHP’ is X power
efficiency + Y * heat efficiency, where X and Y depend on specifications such as plant size.

Desalination plants have high requirements for heat and pressure and are commonly
sited near demand for power, and hence these are ideally suited by building combined heat
and power.

Trigeneration is a development of combined heat and power and simultaneously produces
heat, cooling and electricity.

2.2.6 Turbines driven by water

Hydro turbines convert the potential energy of water into electricity by using the water
pressure to drive turbines. The water sources are lakes (filled naturally or by pumps) and

36 The reasons are thermodynamic. Combustion of fuel produces ‘high quality’ heat that should be spent wisely. Waste heat is
low quality but still useful.

37 In the UK, there was a moratorium on the build of combined cycle gas turbines after the 1998 White Paper on energy
sources, to smooth the transition to lower coal demand. The moratorium did not apply to CHP and there was no specification on
the percentage of power output that had to be steam. Partly for this reason, gas fired power stations continued to be built.
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rivers. Hydro power is highly scaleable, with current installations ranging from 18,000 MW
(Three Gorges® in China) down to domestic scale generation. Hydro power is generally
classified as ‘large’ or ‘small’ with quite different treatment due to the completely different
scale of their ecological and safety® impact.

For a lake driven hydro plant, the energy input is in the form of the potential energy
from the rainfall in the catchment area. The output is determined by the efficiency of the
turbines and water transportation, and limits of minimum and maximum reservoir levels and
maximum rate of change of water height.

Hydro contribution High flexibility High long term
to system security, and reliability sustainability of
relative to other power energy source

System average

Exposure to years
of low rainfall

Seconds Minutes Hours Months Years Decades

Figure 2.3 The contribution of hydro power relative to other forms of power, to system security,
over different timeframes

The most efficient economic use of the water energy is to use it for peak generation and
hence the turbine capacity is generally large relative to the volume of water in reserve.
Some lakes could empty in a matter of hours, but the very large lakes experience a volume
variation over several years.

Hydro power can be ‘run of river’, in which there is no storage mechanism, or ‘reservoir’
(generally classified as low head or high head) in which the output can be varied. Reservoir
base hydro generation has the following characteristics that are of enormous importance in
market design.

(i)  very highly reliability;

(ii)  very fast response;

(iii)  very high ramp rates;

(iv) energy source driven by nature not economics (once plant/catchment are built);

(v)  energy source highly variable in all timescales;

(vi) large turbine size compared to water volume means that energy source is limited in
terms of continuity of generation;

(vii) low marginal costs;

(viii) very low quasi fixed costs;

(ix) high capital costs.

38 Chinese Embassy. The Itaipu dam in Brazil and Paraguay has 12,600 MW capacity.

3 Major failures of dams are extremely rare but can be disastrous if sudden. 2,200 died in the Johnstown flood of 1889 in
the US.
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Tidal power is essentially similar as run-of-river hydro power, but with much greater
technical difficulties, fewer suitable sites, and common requirement to work for incoming
and outgoing tide. The largest (240 MW) by far was built on the Rance estuary in France
over 30 years ago. The next largest (18 MW) is in Annapolis in Canada. A 2,200 MW tidal
fence, using a Davis turbine is being planned for the San Bernadino Strait in the Philippines,
and an 8,640 MW barrage has been proposed in the Severn Estuary in the UK. In common
with dams, tidal power has a significant impact on the local ecology and environment.

Wave power can work in a number of ways on or below the water surface.

2.2.7 Wind

Wind power is highly complementary to both hydro power and thermal generation. Wind
is generated on wind farms with up to hundreds of wind turbines of up to 2-3 MW. The
overall failure of wind farms has low variability*® due to the low interdependence (this is in
stark contrast to nuclear power for example), but the overall unintended variation in wind
power output is high because wind (in a very similar way to electricity, and quite unlike
coal or nuclear fuel), cannot be stored.

The method of generation from a wind turbine is essentially the same as in conventional
generation and hydro generation, in that the turbine is driven by pressure on the blades, but
the nature of the source is quite different. In conventional generation, the steam that drives
the turbine is enclosed, pure and at high pressure. The temperature and pressure are highly
controlled. For wind turbines, the wind is highly variable in speed and direction, and there is
considerable airborne matter to damage the blades through impact and corrosion. The power
is not generally synchronised and usually the turbines have to stop in very high winds.

2.2.8 Non turbine generation

The amount of electricity produced other than by rotation of turbines is very small (the sum
total of power not generated by nuclear, hydro, gas/coal/oil is only 1.9 % and of this the
majority is turbines powered by wind and combustible renewable matter) and the influence
of non turbine generation on the power complex is correspondingly small. Non turbine
generation is, and will in all likelihood continue to be, highly distributed.

Opinions differ widely on the extent to which photovoltaic power (PV) will provide a
significant component of networked energy supply. Here solar PV can be bracketed with
hydrogen power — it may and perhaps must be part of a future solution, but plays a relatively
minor role in the solutions required for the gap years.

Magnetohydrodynamic, or MHD*' generation can generate electricity without a turbine
or other form of ‘prime mover’ but this, and other forms of non-turbine generation are not
economically viable at present.

2.2.9 Distributed power generation

Since electricity was first harnessed, the continuous trend has been concentration of power
generation into larger and larger units and for these units to feed into the high voltage

40 The exception is “type faults’, that apply to a whole fleet of plant of one type. At this point, a type fault that causes a fleet
of turbines to be taken out of services has not been experienced in wind power.
1 1n the film, the ‘Hunt for Red October’, the Soviet submarine is driven by MHD.
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transmission grid. In the 21st century this trend is partly reversing in the most developed
countries, due to the increase in the extent of renewable generation and, to a lesser extent,
the increase in small scale combined heat and power. The generation that feeds into the
distribution network is said to be distributed, or ‘embedded’.

The size limitation is due to energy source availability, concentration and transportation.
For example, a plant burning chicken litter, or methane from a waste dump has a rate
of energy inflow that cannot be altered simply. While biomass can be transported, it has
low calorific value per unit of weight, low density (making in bulky), and costly. The
transportation also reduces the green credentials of the generation. Renewable energy is
commonly in a form that cannot be concentrated to the same degree as fossil fired generation.
Wind power is a good example, in which, rather than concentrating the wind, the turbines
must cover a large geographical area.

Whilst the number of sites for small unit renewable generation is generally increasing,
wind power is a special case and the coordination of these sites to form a concentrated
output is also increasing. So, for example, wind farms are now being designed and built that
are several hundred MW in size, equivalent to a large fossil fired unit. The trend in hydro
power is ambiguous at present, since concentration of sourcing is quite possible with giant
dams, but the politics of dams is in a state of flux. For this reason, hydro power is classified
in terms of large and small, with quite distinct treatment.

Distributed generation is also cited as a solution to security of supply in relation to net-
work failure. The argument goes that if the generation is near the demand, then there is less
exposure to network risk, and lower geographic and electrical concentration reduces expo-
sure to terrorism, weather events and electrical events. On the other hand, plant not connected
to the grid and able to receive instructions from the system operator is less capable of sup-
porting the network with reserve and capacity. Similarly, there are arguments and counter
arguments for the effect of distributed generation on efficiency. On the one hand, concentra-
tion of power to a high voltage network maximises the efficiency of electrical flow in one
direction. On the other hand, embedding of power can reduce the total flow of power.

2.2.10 The production of environmental and amenity impact factors

We can view the environment impact factors conceptually as shown in Figure 2.4.

Ci)2 Global
INOx SOx Metals, VOC etc Regional
Ash  Water
A
4
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Imported t
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>
Indigenous Connection
coal
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Figure 2.4 Depiction of relationship between plant and environment at site, local, regional and global
level
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In Chapter 8, the environmental and amenity impact of power generation and the categor-
isation of the wider impact of power generation are described. Using that categorisation, the
most significant impact of power generation is in the form of emission to air, ground and
water. Of those emissions, the most significant in terms of impact are emission to air of
carbon dioxide (CO2), nitrogen oxides (NOx), sulphur dioxide (SOx) and particulates. The
impact on water is more complicated, involving heat, volume and emissions.

The natures of these are actually quite different and they have different solutions.

Carbon dioxide — The combustion of fossil fuel involves the oxidation of carbon and
hydrogen to carbon dioxide and water. Given that coal contains only about 5 % hydrogen, it
is clear that the production of carbon dioxide is an inevitable and necessary consequence of
producing power by combustion. Usually, the only way to reduce CO2 production from a
particular fuel is to reduce fuel consumption, either by producing less power, or by producing
the power more efficiently. In brief ‘carbon in — carbon dioxide out’. It is possible to
sequester the carbon after combustion.

Particulates and Dust*> — Fossil fuel is formed from the decay of organic matter and
then the compression and transformation over geological time. Just as organic matter is
not purely composed of carbon, then fossil fuel is also not purely composed of carbon.
Similarly, air is not purely oxygen, and contains gaseous and other matter. Other than carbon
dioxide, and water, what would leave the power station, if there were no collection, would be
(i) unburnt carbon, (ii) gaseous substances derived from the fossil fuel, transformed (such as
NOKx) or untransformed, (such as mercury vapour), (iii) gases derived from air, transformed
(such as nitrogen oxides), or untransformed (such as nitrogen) and (iv) solid substances,
untransformed (e.g. silicates) and transformed (e.g. oxidation products of the non carbon
elements of the fossil fuel). These solid substances form ash, some of which exists as very
fine particles of less than 10 microns® in size, called PM10’s. Particulates include dust, and
also include the subsequent formation of particulates from other emissions. For example the
formation of droplets from sulphur dioxide emission.

Sulphur dioxide is formed by the combustion of the sulphur that is an inherent content of
the coal (and oil and, to a lesser extent, gas). The oxidation of sulphur is not necessary to
gain the energy from the fossil fuel, but it is inevitable unless the sulphur is removed prior
to combustion. The amount of sulphur dioxide produced on combustion can be reduced
by selecting a fuel with lower inherent sulphur content. Since all producers who have a
economic or regulatory incentive to reduce sulphur consumption (which may be distinct
from sulphur production after abatement techniques) will look to source low sulphur fuel,
then it is apparent that low sulphur coal will commonly in some way be problematic
(for example expensive, scarce, distant, unreliably supplied or associated with technical
difficulties).

Nitrogen oxides (NOx) production is divided into three types: ‘prompt NOx’ produced by
oxidation of nitrogen in the air at the flame front, by nitrogen in the air in the hot region
beyond the flame front, and from the nitrogen in the fuel. Most of the NOx produced comes

*2 Dust and particulates are distinct. Particulates are designated by size in microns, and can be formed after emission.
43 A micron is one millionth of a metre.
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from the combustion air rather than from the fuel and some of this is naturally reduced back
to gaseous nitrogen in the hot part of the furnace. Hence net production of NOx is dependent
on the characteristics of the flame, the temperature and chemical composition of the gases
in the different parts of the boiler.

Water — Power stations do have other impacts on the environment and the abatement of
these impacts has relevant economics. For example, water abstraction affects levels of water
bodies and water tables as well as occasionally unintentionally capturing some fish. Water
outflow heats* the water body as well as having the potential to pollute it with oils, biocides,
chemicals or other pollutants. Steam from cooling towers occasionally affects road visibility
and surface condition. Each of these can be reduced at a cost, and there is a trade-off between
cheap power and environment and amenity.

Volatile Organic Compounds (VOC’s) — These are associated with coal and oil fired
production.

Mercury and other heavy metals — These are present in coal and oil and partially escape
in flue gases.

Ash — Ash is collected from the boiler and the flue and represents a disposal problem, since
more is produced than can be consumed in road building and similar uses. Whilst ash is
generally non reactive, the action of water trickling through ash ‘lagoons’ over long periods
can leach out metals. Where this is the case, the lagoons are lined with durable impermeable
material such as clay or high density polyethylene to protect ground water.

Nuclear — The potential incidence of impact factors from nuclear power is treated in an
entirely different manner to, for example, CO2. For CO2, the fact of production of CO2
is not debated, only the impact. For accidental release of nucleotides the damage is not
questioned (although the amount of damage is). What is questioned is the likelihood of
production of the impact factor. The other environmental aspect of nuclear power is the
accumulation of waste.

Health and safety — In addition to environment and amenity impact by power stations, there
is the (positive and negative) impact of working at power stations and in the energy life cycle
including energy sourcing, transportation and waste disposal. The power generation industry
has good* safety statistics relative to other industries with similar physical characteristics,
and the majority of accidents are ‘everyday’ ones, such as slips and trips, and driving to work.

Measurement — Many emissions and other impact factors can be measured on a continuous
basis. The techniques vary from fairly primitive (e.g. the attenuation of light shone through
flue gases) to sophisticated. Instantaneous measurement commonly has a high degree of
uncertainty.

** This commonly increases fish population and size, thereby attracting fishermen.

4> In Great Britain: Office of National Statistics — Statistics of Fatalities in Industries 2004/5. Mesothelioma, that is epidemio-
logically associated with contact with asbestos, which was commonly used in construction before 1975 and present in power station
lagging affects current figures due to the long lead time from exposure to experienced health effect.
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2.2.11 Abating the production of environmental impact factors

Most of the environmental pressure from the ESI comes from power generation. In a sense,
consumption is the cause of this environmental pressure, but it is hard for a government to
find effective mechanisms to encourage consumers to reduce consumption, and it is relatively
practical for government to reduce the production of environmental impact per MWh of
electricity.

The environmental and amenity performance of power generation has improved on a
continuous basis over the last 100 years, and hence it is not easy to assign an absolute cost
to performance improvement relative to no*® abatement. It is however, possible to assign a
cost of improvement relative to current performance. Environmental impact abatement has
been driven by relative impact, abatement cost and abatement capability.

There are many environmental factors, but in keeping with the intention to understand and
explain market structures, and to focus on the priority issues, we will consider in particular
the emissions of CO2, SOx and NOx, and will mention in passing dust/particulates and
water, since their different behaviour introduces us to some interesting market concepts,
particularly in terms of the ‘translation’ of regulatory limits to commercial signals.

In focussing on markets, we should be mindful not to pay insufficient attention to local
impact and the trade-off between impacts at different geographical scales from local to
global. An obvious historic example of trade-off was in the building of tall stacks so that the
flue gas was removed from the local area and diluted*’ before returning to earth. Trade-offs
remain in the modern era. For example, the delivery and removal of the by-products from
environmental abatement (such as the delivery of lime/limestone and the gypsum that is
produced in sulphur abatement), incurs extra road traffic, which can have an impact on local
amenity to the affected population.

In addition to the obvious method of reducing consumption, there are six generic methods
of reducing environmental impact:

(i) Displace one form of generation by another with less impact (e.g. new plant for old
plant, gas for coal), on a temporary or permanent basis.

(i) Consume less fuel for the same amount of power by raising efficiency.

(iii) Source fuel which has less inherent impact.

(iv) Reduce the inherent production of factors causing impact (e.g. NOx, heat to water
bodies, visual amenity).

(v) Capture the factors on site or prior to environmental release (so called ‘end of pipe’
solution).

(vi) Reduce factors or impact downstream (displacing the output to less sensitive areas,
diluting, or capture).

The economic alternative must also be considered, which is the Willingness to Accept. The
saved money could be spent on leisure or alternatively on an environmental solution for a
different impact, or healthcare funding with benefits that outweigh the health cost of the
emission.

46 Setting the benchmark, such that environmental schemes can be reviewed, and compensated relative to the benchmark, proves
to be problematic, and many schemes submitted to the various carbon funding bodies, have been rejected.
4T “Dilution is the solution to pollution’ was a commonly used phrase.
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Some technologies reduce more than one impact factor, and some reduce one impact factor
at the expense of another. For example flue gas desulphurisation captures other substances
than SOx, but increases CO2 production.

2.2.11.1 SOx reduction

Sulphur dioxide production per MWh of electricity can be reduced. Using the categorisation
described above, the methods are:

(i)
(ii)
(iii)

(iv)
v)

(vi)

Reduce the load factor*® of the plant, or (ultimately) close the plant.

Increase efficiency.

Source fuel with less inherent content of sulphur, or which has had sulphur removed*
prior to arrival at the power station. This can be done at the refinery or gas processing
plant. Calcium in coal also reduces the emission of SOx by capturing it as calcium
sulphate.

Inherent production of SOx from sulphur containing fuel cannot be changed. The
sulphur coming out of the power station is the sulphur that comes into the power station.
Capture the sulphur dioxide. The principle method is Flue Gas Desulphurisation (FGD).
This method has been used at least since 1930°° and involves passing the flue gas
through a spray of sea water, lime or limestone. Lime/limestone requires quarrying,
physical transportation of raw material, and gypsum output, decrease in efficiency from
the power requirements of the plant, and direct production of carbon dioxide. Another
method of sulphur capture are scavenging the sulphur prior to combustion or circulating
fluidised beds which retain the sulphur in the bed.

Reduce the local SOx concentration, by the use of tall chimney stacks. Local Air
Quality studies are usually standard procedure when building power stations.

2.2.11.2 NOx reduction

(i)

(ii)

(iif)

Reduce the load factor of the plant, or (ultimately) close the plant. Note that NOx is
not related to fuel burn as closely as sulphur is, and start ups can create more NOx that
is indicated from the energy of start.

Increase efficiency. This is only a weak effect for NOx. In addition, conditions for low
NOx (a reducing atmosphere and a cooler flame front) can be low efficiency conditions
if they increase unburnt fuel levels.

Source fuel with less inherent production of NOx. Some NOx is produced directly
from nitrogen in organic compounds in the fuel, but this is relatively slight. Different
fuels do have different inherent NOx production due to the inherent flame character-
istics. For example, dense anthracite coals burn slowly and the boilers are designed to
accommodate a long flame, and this can cause high NOx production. However, since
the boiler is commonly designed around the coal, then change in fuel can have limited
NOx impact and in practice NOx is not a primary motivator for fuel change.

48 Note that this does not necessarily reduce total environmental impact, or even SOx production, as it depends on the form of
generation increased by the withdrawal of the SOx producer. In addition, the possible increase in market price may cause negative
welfare effects that are worse than the willingness to accept SOx.

49 This can be done for oil, by ‘scavenging’ the sulphur with elements such as manganese, and for gas (by amine scrubbers).
Sulphur can be removed from coal by magnetic filtration but this is not economically viable at industrial scale.
30 Battersea Power Station in central London. Twidell (1995).
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(iv)

V)
(vi)
2.2.
(i)

(i)
(iii)

(iv)
v)

(vi)

2.2.

Reduce inherent production of NOx. This is a key method for NOx reduction. This
is done by flame characteristics, stoichiometric environment (principally the amount of
oxygen present) at the flame edges, and temperature and stoichiometric environment in
the region after the flame. The technologies can be applied in sequence, for example
by addition of air above the flame. The arrangement of burners in coal fired power
stations can be optimised to reduce NOx. The amount of air intake can be adjusted.
Low NOx burners which alter the flame characteristics can be retrofitted. Finally, NOx
can be optimised by minimising load changes and by operating the plant at levels which
have minimum NOXx (this is generally somewhat below full load but there can be high
NOx bands).

Capture the NOx. There are two principal methods: Selective catalytic reduction
and selective non catalytic reduction. Ammonia is consumed and water and harmless
nitrogen gas are produced.

Reduce the local NOx concentration, by the use of tall chimney stacks. Local Air
Quality studies are usually standard procedure when building power stations.

11.3  Carbon dioxide reduction

Reduce the load factor of the plant, or (ultimately) close the plant.

Increase efficiency.

Source fuel with less inherent production of CO2. Within a generic fuel type (coal
types, gas, oil, etc.) there are variations of ratio of carbon to calorific value, but these
are relatively slight and in practice not a key motivator for changing fuel diet for
specific installations.

Reduce inherent production of CO2. The production of carbon dioxide is an inevitable
consequence of the combustion of hydrocarbons.

Capture the CO2. It is possible to capture carbon dioxide from the flue gas, or prior to
combustion. The carbon dioxide is then stored in liquid form and eventually sequestered
under the ground in places such as depleted oil wells. Some technologies and established
and operational and some are under development.

Reduce the local CO2 concentration. Carbon dioxide, apart from its greenhouse gas
effect, does not present a direct risk to health,’' amenity or environment.

11.4 Water impact reduction

Given that conventional plant efficiency is commonly below 40 % and that all of the waste
energy turns to heat, then it is obvious that the heat production by power stations exceeds

the

electrical energy production by at least 50 %. The heat transport is generally provided

by water, either directly by intake from and outflow to a water body and/or water from a
water body passing through a cooling tower and being partly lost as steam.

(i)

Reduce the load factor of the plant, or change the running pattern. Thermal plume
is a cumulative effect over a period of hours. The temperature in the plume of the
water body (and therefore the ability to receive the heat without damage) depends on
ambient temperature, industrial activity upstream of the power station, current and water

5

have

! Carbon dioxide is a heavy gas and causes asphyxiation if inhaled at high concentrations in an enclosed space. Power stations
safety procedures to prevent this.
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(ii)

(iii)

(iv)

V)

(vi)

management in the form of locks and dams, depth and prevailing height of the water
body. Reduction of load factor for water impact reasons is a relatively rare event in most
plant and normally affects sustained generation more than instantaneous generation.
Increase efficiency. An efficiency gain at the plant has a corresponding impact on the
thermal output.

Source fuel with less inherent impact on water. This is not a significant motivator for
fuel diet.

Reduce inherent impact on water. The initial plant design will take into account the
trade-off between efficiency and water impact. For example, air cooled condensers
reduce the heating of water bodies. Once built, the design changes for water impact are
limited and uncommon.

Capture of emissions to water. Emissions to water are strictly limited by regulation.
With the exception of accidental release, the emissions are not considered to be of the
form that causes concentration in the biosphere.

Reduce the local water impact. Water impact is essentially a local/regional one and
hence for thermal generation there is little trade-off between local and long distance
impact.

2.2.11.5 Dust and particulate reduction

(i)

(ii)

(iif)

(iv)
V)

Reduce the load factor of the plant, or (ultimately) close the plant. Although clearly
if the plant is not running there is no dust emission, load factor reduction does not
unequivocally reduce dust output, and in particular may not reduce the dust output
relative to the regulatory measure. Dust output is minimised by optimisation of gener-
ation at constant load, and is at its maximum during start up as dust has settled and the
combustion is less efficient as the boiler warms.

Increase efficiency. If boiler efficiency is reduced due to leaks, etc. then the harder
firing of the boiler can create more dust. Hence better boiler efficiency can have the
effect of reducing dust.

Source fuel with less inherent dust production. Different fuels can vary quite sub-
stantially in terms of ash and the form of ash that creates dust, and by combustion
characteristics that cause different levels of retained carbon in the ash (making it dark
in appearance). This can be a limiting factor to fuel diet, although commonly there
are operational changes and minor retrofits that can accommodate a regular diet of
new fuels.

Reduce inherent impact on health and amenity. The dispersion and the health impact
is dependent on the particle size (small is worse).

Capture of emissions. Dust is reduced by electrostatic filters that are placed prior to
the flue stack. They are large steel plates that are electrically charged. The electric
field polarises the dust particles, which are then attracted to the nearer of the plates,
and then drop to the floor after banging (‘rapping’) the plates. The particles in some
coals have low dielectric properties and hence poor capture levels in the precipitators.
This can be partly solved by injecting the gas with particular chemicals. For example,
with some irony, low sulphur coals often require the injection of sulphur trioxide. Dust
performance can be moderately altered in the short term by operational changes (for
example start up pace and procedure), configurational changes (e.g. adding precipitator
passes, adding bag filters, altering mill classifiers), or fuel input changes. We will
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in section 8.4.3 briefly consider the common application of dust limits and how trans-
lators can convert them to plant operation incentives.

(vi) Reduce the local impact. Dust is essentially an inert material but can be a risk to health
in high concentrations. Like water, airborne dust is mainly a local impact.

(vii) Reduce NOx production.

2.2.11.6 Ash reduction

(i) Reduce load factor — Ash production is a direct function of fuel burnt, so ‘coal in,
ash out’.

(ii) Increase efficiency — See above. Increased efficiency also reduces carbon wasted in
ash and thereby reduces ash production per MWh produced.

(iii) Source fuel with different ash content — This is a key limiter for fuel diet. Ash is
a consequence of non carbon coal content in coal (silicon, aluminium, iron, calcium
respectively).

(iv) Reduce inherent impact — Ash lagoons are lined as described in section 2.2.10. Carbon
in ash makes it black and thereby unsuitable for use in road construction. Reduction of
carbon in ash thereby reduces the amount of ash that must be disposed of.

(v) Capture — Ash is captured and placed in special lagoons in most industrialised countries.
This requires procurement or lease of the land and the lagoon preparation, as well as
the transport cost to the lagoon.

(vi) Reduce local impact — Local impact can be caused by wind picking up fly ash. This
can be reduced by a number of means such as water spraying.

2.2.12 Constructing the emission abatement stacks

Many of the regulatory methods of reducing emissions are optimised by economic optimi-
sation of emission abatement, and this is best done by the construction of abatement stacks,
that rank the reduction schemes according to cost and then choose the cheapest.

2.2.12.1 Stack of emission abatement by load factor reduction

The first and most obvious way to reduce emission is to stop generating. To the generator
we can calculate the value of not generating for a particular hour by the lost opportunity
cost. We initially ignore complications such as start energy and emission and cost, power
station failure, demand uncertainty, price uncertainty, definitions of marginal cost, volume
reduction to maintain price in an orderly market and other emissions, each of which is dealt
with throughout this book.

The price duration curve represents how many hours there are expected to be in the year
ahead above each particular price. The optimal generation for the power station is to run
for all the hours in which the market clearing price exceeds the marginal cost of generation.
Now if the least valuable hour is foregone in order to reduce SOx emission, we know the
lost revenue and the decrease in SOx output, and hence the marginal cost of SOx reduction.
We can then reduce production further and further until there is no production at all. This is
shown in Figure 2.5. This applies to SOx, NOx and CO2. Note that this is highly sensitive
to the level and shape of the price duration® curve.

32 Figure 5.8 is an example of a load duration curve. Figure 4.9 is an example of a price duration curve.
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(A) B)
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generation

0 8760 SOx reduction ktonnes
Hours per year with price <P

Figure 2.5 (1) The price duration curve for a single unit. The shaded area shows the generation
ignoring emission limits, (2) The marginal cost stack for reducing annual emission for this unit by
reducing load factor. The shaded area corresponds to that in (1)

To include the effect of start up and shutdown, the principle is similar. When we ignore
starts, the sequence of generation of hours in the price duration curve is unimportant,
when we consider starts, the generation hours must be in chronological order. This is
described in more detail in section 5.1.5.4 and we arrive at an output diagram of similar
form, with marginal cost of abatement changing with the amount of emission reduction.
In this case however, the marginal cost of reduction does not necessarily increase in a
monotonic®® fashion with increasing reduction, although in practice this is approximately the
case.

2.2.12.2  Stack of emission abatement by efficiency increase

Having examined the simplest method of emission abatement we examine the second generic
method — efficiency increase. To the extent that emission is tied directly to the fuel input
(such as SOx and CO2) then emission reduction in relation to operational, configurational,
or technological change can be modelled. To the extent that emissions can be decreased by
efficiency change, they can be treated as an input factor cost with the fuel.

Scheme cost minus
scheme revenue, per
tonne CO2 saved

iSchemes Schemes requiring CO2
""" ‘economic allowance redemption to
ignoring CO2 become viable

CO2 saving as result of efficiency scheme

Figure 2.6 Power station schemes. Cost minus revenue with market price of CO2 set at zero

33 Monotonic means that any load factor reduction leads to a reduction in emissions.
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Additionality>* can be hard to prove, as many efficiency schemes would have been enacted
even without the CO2 benefit. In practice; (i) positive net present value (NPV) is a necessary
but not sufficient criterion, and cash payback period, internal rate of return, return on risk
adjusted capital and other criteria are also required and (ii) project hurdle rates for net present
value exceed the rates implied from the capital asset pricing model (sections 10.1.24.1
and 11.6.4) due to the higher believed risks (the corporation as a whole diversifies its
project risks).
Some methods of increasing efficiency are listed in section 2.2.18.

2.2.12.3  Stack of emission abatement by fuel change

Fuel input change is particularly important for SOx. As described in section 2.2.11.1 and
Text Box 2.1 in section 2.1.1.1, whilst it is quite possible to source lower sulphur fuel, this
comes with various difficulties. As a general rule, it is possible to make operational and
configurational changes to solve the difficulty® of burning ‘difficult’ coals, including the
potential safety impact. Therefore we can build a cost stack for SOx reduction from fuel
sourcing. There is in fact a wide variation in sulphur content (around 0.1 % to 2 %) and
hence substantial SOx reduction potential.

Figure 2.7 shows an example of the cost stack for SOx. When considering schemes,
the full cost must be taken in to account. For example, a long term sourcing contract for
specific low sulphur coal reduces the optionality of the power station to close earlier or
later than initially scheduled and also limits load factor variations. Since the options can
be sold, lost optionality becomes loss of revenue. Consistent capture of the low sulphur
fuel market exposes the generator to security of supply issues since the plant may become
non viable with other fuels, and therefore exposed to fuel supply problems or fuel specific
issues.

Marginal cost of SOx
reduction euros/tonne

Technological

adjustments Long term

sourcing
Operational commitments;|

adjustments

Blending small Consistent capture of
amounts low S fuel market
Opportunist
purchases
SOx reduction Unabated

output

Figure 2.7 Schematic representation of the cost of different methods of SOx reduction

3 The additionality principle is that funding is not provided for CO2 if they were going to happen anyway regardless
of CO2.

55 For example, mill inertion to reduce fire risk of volatile coals, mill classifier adjustment to reduce dust, decreased burner
redundancy to accommodate coals with low caloric value.
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2.2.12.4  Stack of emission abatement by capture

Capture of SOx through the construction of flue gas desulphurisation is a major undertaking
and is an all or nothing activity. Similarly with carbon dioxide sequestration. Capture of
other items such as NOx and dust, or reduction of water impact, is a much more incremental
activity.

2.2.12.5 Combining abatement schemes

Combining the three stacks from load factor reduction, fuel change, and end-of-pipe capture
is not an easy matter, even for a single emission. To do so requires a specific ordering. One
method is as follows:

(i) Construct the load factor abatement stack.

(ii) Construct the whole fuel sourcing stack for each increment of the load factor abate-
ment stack.

(iii) Join the two stacks in self consistent manner. The possibility of double counting schemes
is shown in Figure 2.8, for displacement of an increasing volume of coal with a new
coal of a particular sulphur content. The same must be done for displacement by coal
with varying sulphur content.

(iv) Evaluate investment schemes. For deterministic schedules, this is shown by the criterion
of the area of A is less than the area of B in Figure 2.10.

Double
count

Amount of generation
with lower sulphur coal

Price Load factor
P reduction

/

0 8760
Hours per year with price <P

Figure 2.8 Avoiding double counting of emission abatement by two simultaneous methods. Load
factor reduction limits the abatement from switching fuel by limiting the amount to fuel

If the fuel change schemes are incremental and do not involve capital cost, then the two
stacks can be joined together as shown in Figure 2.9.

If the scheme involves a capital cost then it appears as a block. The economics are shown
in Figure 2.10.
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M
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Figure 2.9 Joining the stacks from two methods of emission abatement

(1) 3)

e/t SOx| ., e/t SOx
SOx reduction SOx reduction
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e/t SOx e/t SOx

SOx reduction SOx reduction

Figure 2.10 Stacks of load factor reduction and major investment in capture. (1) Load factor reduction
schemes with and without the major capture, (2) major capture with no load factor reduction, (3)
evaluation of major investment (A < B), (4) both schemes coincident

2.2.12.6 Abatement of two emissions from one scheme

Load factor reduction generally reduces all emissions, but because of the effect of starts,
the effects are not quite coincident. The load factor reduction stack can be optimised for
one emission and then the effect of the other estimated, or the stack can be optimised
by taking a fixed damage ratio between the two emissions. The latter method effectively
creates a price of one emission using the currency of the other emission. Figure 2.11 shows
the impact on SOx and NOx emissions by load factor reduction. Note that the NOx curve
is bumpier because whilst SOx is associated purely with the energy consumption, NOx
output is increased on starts, and hence schedule changes which change the starts/hours ratio
experience a greater change in NOx than SOx.

Load factor reduction generally reduces all emissions for the particular unit, and hence
some form of aggregate value must be assigned to the total emission. One method would
be to weight the emission abatement values so that the total emission is expressed in terms
of a benchmark emission. This might be, for example, reflective of the market values of
allowances, or the relative environmental damage, and is discussed in section 10.1.12.
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Figure 2.11 Effect of load factor reduction on annual SOx and NOx emissions for coal plant. Source
National Power
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Figure 2.12 Emission abatement stacks for individual emissions, and of aggregate emission as
measured by applying a weighting factor to one of the emissions

The same method can be developed to include the common situation where reduction of
one factor is associated by increase in another. We can draw a graph of changes in the level
of one emission relative to impact on the other emission for a base case optimised with
a particular rule, or we can use the same method as shown in Figure 2.12, with the sign
changed where emissions are increased.

The treatment is the same as for schemes that reduce both emissions, except the sign of
one of the emission changes is reversed.

2.2.13 Stock management

Stock management is important for coal fired power stations.

Coal is weighed®® on arrival at the plant and assay samples are taken. Periodically the
coal stock volume is checked by aerial survey, and by sampling the compacted density the
stock weight is estimated. From the assays, the calorific value of the coal stock is measured
(the ‘heat account’) and the sulphur content (the sulphur account®”).

36 By weighing the goods vehicles before and after unloading.

57 ‘Heat account’ is an established term. ‘Sulphur account’ is not. It is harder to calculate than the heat account because coal
density, sulphur percentage by weight, and calorific value by weight are all required for each area of the coal stock.
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2.2.14 Flexibility

We have seen that energy must be produced at the instant it is consumed, and we will
see that demand variation, and generator and network failures are such that the production
complex must be highly flexible. Flexibility covers a very wide spectrum in time, so much
so that the nature of flexibility is different for each timeframe. In this book, we regard the
ability to produce more or less electricity for the period in question, relative to central plan,
to be expressed as positive and negative capacity.

The limitation on capacity is different at different times. For example, in the long term,
the limitation on fossil fuel is really on energy rather than capacity, as it is energy consump-
tion rather than capacity maintenance that both depletes the fuel and limits the allowable
combustion due to environmental impact. In a slightly shorter term, the limit is more on the
dependency on generation capacity and this is discussed in more detail in Chapter 12 on
security of supply.

In this book, primary attention is paid to the structured management of flexibility at an
hourly resolution, and the interaction of the appropriate mechanisms with shorter term effects
on system operation and annual term effects on security of supply. The mechanisms that will
be described in Chapter 11 will be shown to marry plant operation in market circumstances
to long term valuation and optimisation of environmental consequences. Flexibility provision
below a resolution of about hourly is commonly termed ‘reserve’ and ‘ancillary services’.
The flexibility that is called for only a small percentage of the time is commonly termed
‘capacity’. Here, they are all included in the same family.

Flexibility has many dimensions. The principal dimensions are:

(i) Physical capability to deliver;

(ii) response time;

(iii) delivery rate in MW/minute;

(iv) sustainability of provision once called,;
(v) amount in MW.

Both system and plant operators take a strong interest in:

(i) cost structure of capacity capability, lost opportunity, energy delivery and of deliv-
ery rate;
(ii) likelihood of uptake.

From a market design perspective, there are four key elements:

(i) reserve and flexibility within the half hour period, and short term plant warmth;

(ii) the cost structure of three plant states — full load, minimum stable generation, and
standby (off and ready), and of the changing between states;

(iii) the annual fixed cost of plant, including investment cost and capacity costs;

(iv) long term capacity.

The issues of capacity and environment have much commonality to other industries. The

special challenges of flexibility are particular to the ESL.
The figure below shows an approximate mapping of the capacity requirements of the ESI.

www.TechnicalBooksPDF.com



Power Generation 51

Seconds Minutes Halfhour Hours Day Week Month Season Year Decade

< Timespan >

Capacity contracts

Frequency response )
. Traded options
Primary reserve Balancing contracts

Other reserve

Warming contracts
Secondary reserve g Other long term
Hot standby
Run below full In-day configuration De-mothball
i Full speed  change
capacity n; Ioapd 9 Preserve
Overfire W Build Care and
am peakers maintenance

Figure 2.13 Depiction of response and capacity mechanisms, commercial and physical

Starting with the shortest term flexibility, there is frequency response, commonly termed
primary response. To provide frequency response, governors® on the plant®® control steam
and fuel flow.

The older subcritical coal plant can release energy quickly since, as described in
section 2.2.3 the thermal energy stored in the plant is considerable. While an instant release
of energy by, for example, the opening of steam valves into the turbine, delivers energy
immediately, this energy is ‘borrowed’ and must be replaced in the plant. This is picked up
early in the plant and ultimately by more fuel. The pick up of energy from one mechanism
to another is shown in Figure 2.14.

MW
increment Total Increasel fuel flow

Open steam valves

Figure 2.14 The individual and total energy delivery profiles for an example of the delivery of
primary and secondary response

To keep the plant in a condition to provide this response requires it to be (i) running below
full capacity and (ii) maintaining higher pressures than are optimal for efficiency and plant
life usage (see appendix). The former incurs lost opportunity cost and efficiency cost (see
section 2.2.18). The latter incurs plant damage cost. In addition to this, the load variation
from the provision of frequency response incurs plant damage due principally to the increase
in transient temperature effects.

Plants with low storage, such as CCGT rely more directly on fuel intake adjustment to
adjust short term energy flow. While the provision of frequency response is often mandatory
in the grid code, plant operators try to limit the load variation in order to protect the

38 Governors are mechanical or (more commonly) electrical devices that sense changes to frequency and automatically change
some feature of the plant such as steam valves.

9 Since the phase of the plant can only vary very slightly from that of the nearby grid, then it is obvious that the frequency at
the plant will be almost identical to that of the grid.
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blades of the gas turbine. For maximum efficiency, turbine blades operate close to their
metallurgical limits, and load variation increases the effective operating temperature as
shown in Figure 2.15.

Temperature variation

Rate of due to load variation

metallurgical

damage —
Extra
damage

rate

Design degradation

Design
temperature
i

Turbine inlet temperature

Figure 2.15 Because of the strong curvature of the damage vs. temperature curve, temperature
variations cause an increase in the rate of damage without altering average efficiency

Within the day, upward and downward flexibility is maintained by plants changing load
between full load and minimum stable generation.®® Operating at minimum stable generation
is generally benign to plant due to the lower temperatures, but the cycling of the plant can
be damaging, particularly for plant with thick metal such as nuclear plant and some older
thermal plant, particularly in the USA. In addition, operating at minimum stable generation
is inefficient for thermodynamic reasons, and wasteful of fixed heat (see section 2.2.18) and
because plant configurations are optimised for full load, not minimum stable generation.

Frequency response is measured in (i) time to start delivering energy, (ii) rate of energy
delivery increase/decrease in MW/minute, (iii) sustainability of response and (iv) frequency
sensitivity (at what deviation from standard system frequency does the response begin),
(v) maximum MW provided.

More than one form of flexibility can be offered at the same time, but there is a degree
of mutual exclusivity.

We can simplify flexibility in commercial terms by categorising it into three:

(i) Reserve — Positive and negative energy delivered between seconds and minutes of
request, and called under a medium commercial framework agreement which is not
tied to specific periods.

(ii) Balancing — Positive and negative energy delivered over five minute to half-hour
periods between half an hour and a few hours after instruction. Generally voluntary
participation and no forward commitment.

(iii) Options and other capacity mechanisms — Generally positive energy delivered over
a halfhour to few hour period. Generally called between a week and a day in advance
of delivery. Sometimes committed up to months or years in advance, sometimes sold
up to about a week prior to delivery.

60 The load level below which the plant is incapable of operating effectively, for example due to insufficient steam temperatures,
excessive vibrations, excessive NOx production, etc. As with most plant factors, minimum stable generation can be reduced by
operational and configurational measures.
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Figure 2.16 Depiction of voluntary flexibility in terms of options

There is not a high correlation between the requirements of the system operator for the
different kinds of flexibility. Hence, although plant cannot commit to provide mutually
exclusive services in advance (for example, frequency response and balancing that could
take the plant above maximum capacity®'), there are some circumstances in which one form
of capacity can be offered after the drawdown of the other form has become certain. For
example, if a bilateral call option has been declared or abandoned, then balancing can be
offered (positive capacity if the call was abandoned and negative capacity if the call was
declared). This can be resolved by comparing the commitment period and the notice and
delivery period. Frequency response is commonly committed for a whole year, with notice
that is virtually instantaneous and redeclarable. This form of response therefore has a high
degree of mutual exclusivity with other forms. An option, however, will be committed to
up to some months in advance, but the delivery for a period of hours will commonly be
certain a day or days in advance. If a call option (the call on more power) is declared, then
negative balancing can subsequently be offered. If the call option is abandoned, then positive
balancing can subsequently be offered.

Since commitments must be honoured, the plant must decide in advance (i) what energy
to sell forward, (ii) what options to sell and (iii) what reserve commitments to agree to.
Some examples are shown in Figure 2.17. It is assumed here that the plant can be off or
viably run at all levels between minimum stable generation and nameplate capacity. We
ignore the necessary time for state changes.

The unit operator must decide what contracts to sell. They have different expected total
values, degrees of financial certainty, degrees of schedule and ramp rate uncertainty, and
degrade the plant in different ways.

Much plant was designed for the efficient production of energy, with relatively little
design attention paid to short term flexibility. The result is that plant has commonly been
run beyond design specification and some problems have been experienced in service.

ol Capacity in this sense is economic capacity. While as we can see, plants can often run beyond normal capacity, because use
of system charge is commonly related to the maximum generated capacity, then it is not economic to run for a very short period
above normal capacity.
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Figure 2.17 Interaction of options, balancing bids and offers and reserve commitments

Short term flexibility requirements have increased for a number of reasons, including:

(i) In a competitive supply market, the demand information that suppliers have is less than
for a monopoly supplier. Hence demand forecasting is less accurate, and hence there
is less notice period for required load changes, and corresponding higher ramp rates.

(ii) In a market supplied by a monopoly generator, smooth load following can be centrally
coordinated. In a competitive free market, it is not possible to coordinate so closely
and hence some units are required to have faster ramp rates to ensure sufficient ramp
rate for aggregate generation.

(iii) In order to reduce total fixed costs, the capacity margin has decreased in many countries.
Therefore each plant has to provide greater flexibility as a proportion of unit capacity.

(iv) The increase of renewable must-run plant, and wind power in particular, combined
with a general decrease of flexibility of thermal plant as the CCGT + nuclear/coal (i.e.
relatively inflexible to relatively flexible) ratio decreases.

The result of all this is that conventional coal plant plays a significant role in energy
balancing.

Some plant, particularly conventional plant, can provide load above the normal capacity.
The first method is simply to run the plant closer to the operating limits of the materials.
This can be done, but, as shown in Figure 2.15, is very damaging to the plant. Other methods
including injecting water or steam in front of a gas turbine, in order to increase the mass
flow at the turbine. This decreases blade life in a measured manner. Another method is to
reduce the extent of recirculation of heat in conventional plant. The effect on efficiency
is shown in Figure 2.19. This can generally be done on a sustained basis, although this is
rare due to the high fuel costs. It is an important source of reserve for a one-in-twenty cold
winter if capacity margins are low.

Water injection is a way to increase power output at the expense of efficiency. By injecting
water in front of the turbines, the mass flow is increased, and thereby the power output. The
efficiency loss is caused by the conversion of warm water to hot steam. Steam injection is
similar but with less efficiency loss. Injection also increases the damage rate of the turbine
blades.
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2.2.15 Reliability and availability

It is the nature of conventional generation that outage rates are high compared to installations
in other industries. There are a number of reasons for this, including the operation of materials
at close to their limits in aggressive conditions, the age and complexity of power plants, and
the limited redundancy of the process.

A 20 year old coal plant would typically have planned outages for around 8 % of the time
and unplanned outages for a further 8 % of the time. Planned and unplanned outage rates and
timing can be altered, at a cost, by a mix of operational, configurational, and maintenance
measures.

Plant outage rate is closely related to:

(i) Quality of operating procedures.

(i) Operating regime. Between overhauls and inspections, plant will accumulate damage
continuously and become more susceptible to failure. Plant starts are believed to sub-
stantially increase the rate of major failure. Different regimes have different windows
for opportunity maintenance (plant repair without having to schedule an outage).

(iii) Plant condition. As described in the appendix, plant condition can be approximately
modelled by the accumulation of damage for hours-and-starts and the cumulative spend
on the plant. Plant failure rate is closely related to plant condition.

From the market design perspective, what is important is the ability to model planned
and unplanned outages, to accommodate for the reliability aspect of the marginal cost of
generation, and, to a lesser extent to make an efficiency adjustment for the average impact
that partial outages have on operating efficiencies.

2.2.16 Reactive power

Reactive power is described in the appendix. To produce reactive power, the generator must
advance the phase of the voltage. This changes the power factor of the unit. This is done
either by executing a ‘tap change’ which changes the number of turns on the generator
transformer, or by increasing the ‘excitation’ of the rotor. This increases the current in the
rotor, which causes the wires to heat, which in turn increases the degradation on the inter-turn
insulation.

While a plant must be synchronised to the grid to produce reactive power, it does not
need to be producing active power.

Some wind power designs consume reactive power. The wind turbine is coupled through
the gearbox to a rotor, and the generator is driven inductively®? rather than synchronously.

2.2.17 Three phase

If the stator has a single winding around its circumference, then the electromotive forces in
different elements of the winding are not in phase and hence the total voltage across the
stator is less than the sum of the individual turns. By having three sets of wires, this problem
is avoided and hence the maximum power available from a machine of particular capacity
is increased. These three wires connect to the three wires in the transmission grid.

2 The mechanism is as in Figure 2.18, but the rotor and generator are not synchronised, and the phase slips. To generate
synchronous power, the turbine itself must be synchronised and pole slip does not and must not occur.
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.

[Pt

Figure 2.18 Three phases of stator around the generator rotor of a power station unit

2.2.18 Efficiency

We can simply model the efficiency of a power station in relation to load by considering the
‘fixed heat’, that is required to drive the turbines at full speed and maintain synchronisation
with the grid but not actually produce power, and the variable heat, that is required to
produce load. It is immediately obvious that there is a strong efficiency benefit from running
at the highest load possible.%

MW
thermal
input
Fixed Increm,entél"’heat
heat™ [ T
Efficiency
RS

MW electrical output

Figure 2.19 Turbine efficiency in relation to load

To run a plant below capacity in order to provide reserve alters material damage (better in
some areas and worse in others) and entails a loss of efficiency.
Efficiency can be enhanced by, for example:

(i) Reduced percentage of fixed heat, by running at higher load.

(i) Reduced rate of partial outage, or other de-rating which causes running at low load.

(iii) Increased input temperature and decreased output temperature.

(iv) Optimal configuration of pressure and temperature at each stage.

(v) Cycle alteration such as regeneration (using turbine exhaust to heat the gas exiting
the compressor), intercooling (cooling between compression stages) and reheat (heating
turbine stages).

63 The limitation is generally the physical performance and degradation of metal in pressure parts and gas turbine blades at
high temperature.

4 This shows the graph for a single valve steam turbine. For various reasons due to the way that output is controlled, some plants
have convex (upward curving) efficiency curves, and some have concave curves. For a convex curve, see Wood and Wollenberg
(1996).
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(vi) More efficient circulation of heat, heat transfer and use of waste heat (for example
air heaters, cooling tower repack).

(vii) Improved heat exchange efficiency.

(viii) Energy consumption (auxiliary system of pumps, fans, heat and light for buildings,
other energy consumption such as fuel delivery).

(ix) Reduce energy of start (for example by reducing start time).

(x)  General measures, such as leak reduction and reduction of clearances.

(xi) Turbine efficiency (replant with new blades, or maintenance and washing of existing
blades).

(xii) Fuel combustion improvement by mill enhancements, burners, air ratio, fuel/air
distribution, etc.

Max temperature
/ Temperature at sink
Carnot / Inlet chillin
MaxiMum —, pressure ratios

Intercooling
Cycle /
modifications —~ eneat
—__—— Regeneration

Repowering

/ Leaks, seals, clearances, pipes

Components — Pumps, valves, flows
§: Heat exchange
Turbomachinery design

Figure 2.20 Some methods of efficiency enhancement for thermal plant

Because atmospheric conditions of air pressure and temperature and (more importantly)
water temperature change, output and efficiency (particularly for CCGT’s) is sensitive to
ambient conditions, with best performance in cold weather.

Text Box 2.2 — Thermodynamics

The most efficient thermodynamic cycle that uses a heat source and a heat sink to generate
work, is the Carnot cycle. The Carnot cycle has four (reversible) stages: (i) isothermal
(constant temperature) heat addition and (ii) isentropic (constant entropy) expansion,
(iii) isothermal heat rejection, (iv) isentropic compression. The efficiency of this, and
all reversible cycles iS M,,ormar reversivie = 1 — T/ Ty, where Ty is the temperature at the
beginning of the cycle, (equivalent to the gas turbine blade and the boiler) and the end of
the cycle (the exhaust). The three key cycles for power generation are the Brayton (open
cycle gas turbines), Rankine (steam plant), and Brayton-Rankine (CCGT). These are less
efficient than the Carnot cycle but can be made more efficient by making them more
like the Carnot cycle (for example reheat, intercooling and regeneration). It is clear why
materials are designed for high input temperature. For further information see Cengel
and Boles.
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2.2.19 Cost

Apart from the factor costs such as fuel and emission permits, there are a number of factors
that alter the fixed and marginal cost of production

(i)
(ii)

(iii)

(iv)
V)

(vi)

(vii)

(viii)

(ix)

x)

(xi)

(xii)

Technology.

MW/unit — Operating costs per unit do not increase in direct proportion with unit size
and hence operating cost per MW decreases with unit size. This has caused a gradual
increase in unit size over the years to around 500 MW.

Units/site — Similarly to MW/unit, operating cost per MW decreases with total size
of plant.

Environmental effects — in terms of abatement cost and allowances and taxes.
Plant value — In section 10.1.24, we will show that, in a competitive free market, in
which customers switch supplier, and assets change hands, that the financial holding
cost of the plant (that forms part of fixed costs and which must be recovered) is
dependent on the prevailing market value of the plant. This in turn depends on the
revenue available from the plant.®

Depreciation status — The depreciation of accounting value should not in theory affect
the operation of the plant, since the plant should always be revalued at market. How-
ever, in practice, depreciation below market value causes a lowering of the financial
element of fixed costs. The sale of plant also changes its accounting value. When fair
returns are examined by regulators, they pay particular attention to depreciated value.
Obsolescence. Advances in plant technology, particularly in efficiency, make older
plant obsolescent over time, even if in perfect condition. This becomes manifest in the
lowering of market prices. This reduces the plant value, and therefore the financial
fixed costs, which encourages old plant to run more.

Residual life. The residual life of the plant, described in the appendix, affects the
marginal cost of the plant in the manner described in section 6.4.5.

Plant life usage — This is an approximation of the future maintenance cost incurred
by operation, and depends on plant design, age, condition and other factors. This is
described in more detail in the appendix.

Failure rate — Failure causes repair cost and lost opportunity cost to the generator.
It also causes cost in making good the committed power sold by purchasing it in the
market.

Operating regime — This affects the plant damage costs, as the equivalent operating
hour cost calibration applies to an established operating envelope. These marginal
costs can change outside the envelope. For example, the interval between running
periods affects the capability to do opportunity maintenance. Staffing costs are also
dependent on regime, since any regime that is incompatible with domestic life requires
incentivisation and often the use of contract labour. The operating regime also affects
efficiency through starts, part loading and other effects.

Provision of ancillary services — This is similar to plant life usage and refers specif-
ically to the provision of ancillary services, such as frequency response and reactive
power while on load. This increases the damage rate to the plant by, for example,
overfiring, transient steam temperatures, higher pressures and heating of rotor wires.

65 The problem of the circular argument here is discussed in section 10.1.24.
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(xiii) Position on the network — Depending on the position on the transmission or distri-
bution networks, the plant experience different fixed and variable charges, and these
are also dependent on generation profile.

2.2.20 Generation mix

Demand is highly heterogeneous with respect to location, periodicity, variability, induc-
tive/resistive characteristics and voltage sensitivity. No single kind of power can effectively
serve the demand, and a power generation mix is required. The key items in the mix are:

(1) location;

(i)  network position (grid connected or distribution embedded);

(iii)  fuel source and fuel logistics;

(iv)  short term unplanned variation in natural source (e.g. wind, run of river hydro);
(v) short term planned variation in natural source (e.g. tidal);

(vi)  medium term variation in natural source (e.g. hydro);

(vii)  availability;

(viii) reliability;

(ix)  flexibility (planned and unplanned);

(x)  reactive power provision or requirement;

(xi)  provision of the family of reserve and black start;

(xii) fixed/marginal cost ratio;

(xiii) capacity (MW)/energy capability (MWh/year) ratio;

(xiv) actual load factor;

(xv)  fuel cost periodicity and variability;

(xvi) outage phasing;

(xvii) outage characteristics (trips, de-ratings, fleet wide type faults, etc.);
(xviii) environmental load of each type;

(xix) size.

Although some power generation is built for peaking generation, it is most common for
units to be built for baseload operation. This is for:

(i) technological reasons (new units with new technology have best efficiencies);

(i1) risk and finance reasons (cash generation is important in early years of financing, and
baseload revenue risk is easier to predict and quantify);

(iii) gaming reasons.

The result is that older units fall down the merit order until either; (i) the marginal net revenue
from running at low load factor is less than the fixed costs,% (ii) the reliable flexibility
that is required for low load factor running cannot be sustained and (iii) the environmental
performance degrades so that marginal abatement costs become prohibitive, or they cannot
comply with tightening regulations.

%6 Older power stations tend to be small, thereby incurring high fixed costs per MW installed.
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2.2.21 Requirements for ancillary services

Ancillary services that are provided by generators to the grid to maintain the electrical
stability of the system. There are three main services that are provided:

(i) Reserve — This is the most important and concerns the ability to change load quickly
and is a family of response, reserve, balancing, flexibility and capacity.

(ii) Reactive power — The need for reactive power is described in the transmission section
and the provision is described in the generation section. To provide reactive power, the
plant must be synchronised.

(iii) Black start — Power plant commonly uses electricity imported from the grid to run the
auxiliary motors and other general electrical requirements to start the plant. To maintain
stability after possible network failures, there are a number of plants that can start up
with no imported power.

In the USA, the Federal Electricity Regulatory Commission (FERC) specifies six ancillary
services, namely:

(i) regulation and frequency response service;

(ii) energy imbalance service;

(iii) operating reserve — spinning reserve service;

(iv) operating reserve — supplemental reserve service;

(v) scheduling, system control, and dispatch services;

(vi) reactive supply and voltage control from generation sources service.

The first five are in the same family that encompasses reserve. Each entails variation in
energy output over different timeframes and for different amounts.

2.2.22 Plant dynamics

Information about plant dynamics accompany the simple hours-MW-cost provided to the
system operator. They can run into pages of information but can be summarised:

(i) Notice to synchronisation — This is the time take from notice to the first capability to
deliver load. It is highly dependent on the warmth of the plant (up to around 36 hours
since last running) and on the plant configuration maintained in readiness.

(i) Ramp up — The maximum ramp rate in MW/minute is dependent partly on the exposure
of the plant to damage from differential expansion, partly due to working practices by
which the various parts of the plant are warmed, and partly a commercial decision on
limitation on plant life usage during start and fuel expenditure during warm up.

(iii) Ramp down — Ramp down generally puts less stress on the plant than ramp up, but
there are limits, particularly in relation to differential contraction.

(iv) Minimum on time.

(v) Minimum off time (various sequencing effects require the minimum on and off times).

2.2.23 The relative value of the different forms of plant service

There are many dimensions to the delivery of power stations, and to the variability of the
commercial value of the different aspects. Figure 2.21 shows examples.
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Figure 2.21 Value of three core power station features with respect to variations in the market price
for power-minus-fuel at a set conversion rate

2.2.24 Generator hedging

We show in Chapter 11 how we can build up a financial model for a power station by first
imagining that it is a fuel-to-power converter that is free of non fuel marginal costs, emissions,
or failure, and then relaxing these assumptions by taking these factors into account.

Power generators have a ‘delta’® exposure to all factor costs. We can calculate the deltas
by defining the plant in derivative terms by using the plant model in Chapter 11 and the
derivative techniques of Chapter 9. The cost factors and their characteristics are set out in
this chapter.

There are two particular features to note for power generator hedging:

(i) High merit power plant has high fixed costs in relation to quasi fixed and marginal
costs. This increases the delta to market prices, and for a plant with zero marginal costs,
is equal to the plant capacity in all tenors.

(ii) As is described in section 10.1.24, fixed costs are closely related to plant value. For mid
and low merit plant, a relatively large percentage of plant value is in ‘time value’ (the
vanilla option and extra flexibility contracts described in Chapter 11). For this reason,
hedging the plant delta is insufficient to capture plant risks, and the option value should
also be hedged if the market liquidity is available.

When executing the hedges, the following factors should be taken into account:

(i) The cost of risk for the particular risks for the generating company, in relation to other
risks carried by the holding company (such as those carried by a supply division®).

(ii) The cost of risk drift contained within the forward price of the market.

(iii) The cost of risk of other risk transfer companies, such as insurers.

(iv) The estimated risk preference profile of the shareholder.

(v) All variable cost and revenue elements should be taken into account, as well as their
correlation to each other. For example, labour costs and equipment costs are positively
correlated with plant margin. Direct environmental costs in the form of emission permits
should be included in the hedge decision, as should shadow costs.

7 The delta here is the change in annual or through life net present value of the plant, according to a unit change in one of the
factors.
%8 One division should hedge with the other.
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Figure 2.22 illustrates the fundamental difficulty of using demand signals to drive new build.
The optimum hedge for supply companies barely overlaps the optimum hedge for a producer
once the funding has been committed.

100% Retail CCGT Nuclear

0%
5 10

Time horizon from date of funding commitment

Figure 2.22 Hedging periods for a retail business, a combined cycle gas turbine and a nuclear plant,
just after funding is committed

2.3 HIGH VOLTAGE TRANSMISSION, NETWORK OPERATION,
SYSTEM OPERATION

2.3.1 Electrical networks

We have seen that electricity is instantaneously delivered; with small delivery costs, over
very long distances, and that the storage difficulty means that the rate of delivery (and
therefore the value) changes at an exceptionally fast pace (as fast as seconds). It is the
time-space characteristic of electricity, more than any other, that drives the ESI.

However, we cannot leap to the modelling assumptions that the electricity grid; (i) has zero
resistance, reactance and (as a result), constraint, (ii) that the grid is so extensive that power
can always be routed along a contract path, without having to worry about its actual physical
path and (iii) that no part of the network ever fails. Therefore network considerations are
essential in the design of electricity markets.

2.3.1.1 The basics

Networks can be described as high voltage transmission or ‘grid’ networks, low voltage
distribution networks sometimes called ‘wires’, and interconnectors between grids. The exit
voltage at which distribution picks up electricity from the transmission grids is commonly
around 110kV.

The electrical losses in the conducting wires are inversely proportional to the voltage (see
section 2.3.1.5) and hence power is transmitted at the highest voltage that is safe, practical
and has acceptable risk to flashover.® Hence voltage from the power generator is typically
‘stepped up’ to around 400,0007° volts (400kV) for transmission before stepping down
through a series of transformers as far as domestic voltages of 230! or 110 volts in most

% The clearance required is upward curving with respect to line voltage, thereby having a substantial effect on required tower
height for high voltage lines. Flashover is the main cause of fault in electrical interruption, usually caused by natural or man made
accident, or unchecked growth of trees.

70 The highest used in practice is 765kV.

7! Domestic equipment is built to accommodate different voltages within 10 % tolerance, as some countries have slightly
different domestic voltage standards.
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countries. To transform voltage, the current must be alternating current (AC), and this is the
main reason that modern power systems use alternating current. Direct current (DC) is used
in special situations such as very long lines at very high voltage (lines losses are lower for
DC), and interconnection between AC systems which are out of phase, such as France and
England, or Texas and neighbouring states.

The standard” for AC frequency is 50 Herz (cycles per second) in most places except
for the USA, the Western part of Japan, much of South America and a few other places
where it is 60 Herz. Higher frequency has the advantage of requiring smaller generators
and the disadvantage of causing higher line impedance and, to a lesser extent, resistance.
Neighbouring control areas with different frequencies, such as Brazil and Argentina use
frequency converters.

Electrical energy in the form of current can travel through thousands of kilometres of
wires at % the speed of light,” and hence any electrical load anywhere on the system will
simultaneously affect all generators everywhere,’* and also means that the AC is synchronised
across the whole system. The synchronisation of the grid means that the inertia of the system
is enormous. Note that while the inertia is treated as electrical inertia, it is in practice the
kinetic energy in the rotating parts of the power stations. Most generators have automatic
governors that detect the tiny falls in frequency that arise from load variations, and respond
by providing more energy, for example by opening valves for the steam that drives the
turbines.

Coordination between network operators allows synchronous operation over very large
areas, and it is the management of reserve that enables this to happen.

To be synchronous, the system does not have to be in phase across the whole system.
Indeed in very long systems, the phase may vary by more than one cycle from one end to the
other, as long as there are no loops that allow a connection between out of phase sections.

Current is transmitted on the grid using ‘three’ phase’, which requires three wires, as
described in section 2.2.17.

Figure 2.23 Three phase (power cycles)

2.3.1.2 Limits

There are four kinds of limits that affect large power lines, namely thermal limits, stability
limits, security limits and reactive power limits.

Thermal limits — The passage of electric current through wires of finite resistance causes
the wires to heat up. Excessive heat causes the wires to sag by thermal expansion, and to

7 In the early days, frequency was primarily driven up by the need to reduce flicker in light bulbs.

73 Electromagnetic waves travel about two thirds as fast in metal as they do in a vacuum.

74 This is the case for resistive load. Inductive load is more localised but still over a range of tens to hundreds of kilometres.

7 Higher phases, particularly six or twelve, have advantages in thermal loading of lines and transmission efficiency but are not
standard. See Weedy and Cory (2001).
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permanently lengthen and lose strength by annealing.’® In addition, thermal overload can
damage ancillary equipment such as transformers (for example breakdown of the insulating
oil, and of the interwire packing), insulators, breakers, relays and other equipment.

Stability limits — To remain stable, the system must remain synchronous, with stable phase
differences. There are three kinds of stability, steady state, transient and dynamic. The phase
of the voltage leads and lags slightly in different parts of the system, but the system must
overall remain synchronised. Synchronising forces keep generator rotors (and motors) close
to the phase of the voltage in the lines, but if the rotor moves too far ahead of the field then
the synchronising force weakens and a ‘pole slip’ and desychronisation can occur. For steady
state stability, the steady angle between rotors and wire voltage must be within certain limits.
Transient stability refers to the ability of the system to respond to major disturbance in such
a manner that steady state stability is regained. This is affected by the interconnectivity of
elements that can cause disturbance, such as line outages. System response to disturbance is
usually evident within about one second. Line impedance, and therefore line length between
generation and load affects power angle and therefore steady state stability. Load changes
affect stability since they cause and require changes in generation. Dynamic stability refers
to system response to small oscillations in the system. If the oscillations are damped, then the
system is stable. If they are amplified then the system is unstable. To prevent this, a number
of technical measures are required, each of which has an impact on power generators.

Security limit — Security limits, also called transfer limits, are a result of needing to maintain
a particular level of redundancy on the whole system, given particular levels of thermal
limits and stability limits. These limits apply to groups of lines.

Reactive limits — Transmission lines have an impedance that causes the current to lag. This
causes stability issues. Without reactive power injection at the generating units or on the
transmission lines, this would limit the power flow as described in the appendix.

2.3.1.3 Kirchhoff’s laws

Kirchhoff’s laws, written in 1845, enable us to understand the basics of electrical flows
in networks. They apply for both DC and AC. It is common in market design to simplify
locational signalling by using ‘DC-like’ modelling, in which the system is modelled as if it
were DC, with impedance playing the role of resistance.

Kirchhoff’s current law (KCL) is that the total current flowing in and out of any point must
be zero.

Kirchhoff’s voltage law (KVL) is that the total voltage change around a loop must be zero.

These can be described simply. We cannot ‘lose’ current, and there can be only one voltage
at a particular point.

76 Metals are made of tiny crystals called grains and faults called dislocations. Dislocations and grain boundaries can move
faster when metal warms and the rearrangement weakens the metal.
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2.3.1.4  Use of Kirchhoff’s current law to plan line voltage

Consider a resistive load at the end of a transmission line. Figure 2.24 shows Ohms law for
the line and for the load. From Kirchhoff’s first law we know that 1,5 = I.. The power
lost/extracted in the line and the load are 1,5 V5 and 1,5 Vg respectively, or I2,R,; and

I3 Ry respectively. Substituting in, we get Py = (V, — Vy)? ;% so we can clearly see that to
AB

deliver maximum power for minimum loss, we want low line resistance and high line voltage.

Va L Vg Load Ve
ine /\ oa
@ R O/ Ry @

las=(Va=Ve)/Rag  lgc=(Ve=Vc)Rgc

Figure 2.24 Application of Kirchhoff’s law to a transmission line and resistive electrical load

Whilst most energy loss on transmission is due to resistance, some is due to insulator leakage,
corona for overhead lines, and dielectric losses in cables.

2.3.1.5 Losses in relation to power flow

We can see the relation between losses and load in a simple DC model.”

Figure 2.25 Simple DC model to show losses. (1) Circuit with one load, (2) with additional load

The power drawn in the first circuit is P, = I’R, and the losses in the first circuit are
L, =I’R. where R is the resistance of the circuit.

In the second circuit, the current through the initial load is unchanged, and the current
through the second load is (from KVL) I %

2
The power drawn in the second circuit is P, = I’R, + I? (%) R, and the losses in the
2
second circuit are L, = (1 + Ig—;) R,
With a little substitution and rearrangement we have:

L,/P P
£=1+R1/R2=—2
L,/P Py

So the losses, expressed as a percentage of useful load, increase with the load. For example,
if load doubles, the loss percentage doubles, and the absolute amount of losses quadruples.

77 For more formal treatment, see Wood and Wollenberg (1996).
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This is important in the consideration of market mechanisms for losses. For example, a
standard loss factor adjustment for a particular node will only approximately reflect the
average losses incurred as a result of flow into or out from the node.

In a networked power system, incremental losses from generation cannot be definitively
assigned, since an extra MW of generation could be divided amongst the load in different
ways according to convention, for example, pro rata or according to local demand stacks.
On the demand side, incremental losses could be assigned from the least cost generation
solution before and after a 1 MW in demand at a node.

2.3.1.6  Loop flow in a simple loop

When doing market design, it is sufficient for most purposes to use a ‘DC-like’ method and
model as if impedance were resistance. The DC representation of the system is sufficient
for an intuitive understanding of the key concepts such as constraint, loop flow and location
marginal pricing.

We can use Kirchhoff’s laws to help us with DC load flow. Figure 2.26 shows the simplest
loop, with three nodes. This loop is part of a bigger network. To properly represent a small
network with three nodes, we would show nodes A and C connected up via an electromotive
force, and an earth point at which voltage is notionally zero. In Figure 2.26 and subsequent
figures, we have transformed the voltage source to a current source.

Figure 2.26 Representation of Kirchhoff’s Current and Voltage Laws to determine loop flows

In Figure 2.26, we see from KCL that I, =—1,; — [, = —1, = —1Ipc — 1, Where the sign
convention here is positive for current flowing to the node.”
We see from KVL and Ohms law that

Ve=Vy—LipRug —IgcRgc = Va4 — LicRuc
LypRap+ IgcRpc = I4cRac

Rac

Lyp=5——F—
Rap+ Rpe

78 In transmission networks, nodes are called buses. The terms are used interchangeably here.
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Taking the simple case for equal resistance on all lines, then we can see by inspection that
two thirds of the current will flow along route AC and one third will flow along route ABC.
KCL and KVL can be applied to AC systems, by replacing resistance R by the reactance Z.

2.3.1.7 Location marginal pricing in constrained networks

Understanding loop flow is critical in the understanding of the location element of electricity
markets.

Consider an electrical system with three buses, two are connected to generation units and
one of which is connected to demand load. One unit is more expensive than the other in
terms of marginal cost, there is no connection between the buses A and B, and there is no
line constraint.

To minimise the generation cost, the system operator dispatches the cheaper plant to its
maximum capacity and dispatches the more expensive plant for the remainder of the energy.

100 MW unitE Eﬂmomw unit
expensive cheap

e
50 Mvg koo MwW
50 MVX /00 Mw

@ 150MW
load

Figure 2.27 Least cost dispatch in system with no loop

Now consider a connection between buses A and B so the system now has a loop. The
system operator can control flow by (i) dispatching units, (ii) instructing alteration of load,
(iii) connecting and breaking circuits and (iv) altering the impedance (and capacitance which
offsets the impedance) and resistance of the lines and associated equipment.

If the system operator can break the connection between A and B, then the situation is as
before. However, suppose that this cannot happen for other reasons such as small load on
the line, system security, or other reasons.

Firstly consider what happens to the power from unit A. Kirchhoff’s laws tell us that
while we might wish for electricity from B to flow straight to C, that some will flow first
to A.

We can represent the total flow by superposing the flow from each generation unit to each
load. In the case of equal impedance, then the power flow from each unit will be as shown
in Figure 2.28.

Now suppose that line BC has a thermal limit of 83.3 MW, i.e. it is at its limit. Here we
must note that the line limit will not actually prevent the current flowing, it is just harmed by
the flow. Therefore the flows must be adjusted (if not by reactance changes) by redispatch
of units. It is clear that any increase in load at bus C must be met by an increase in flow
on line AC. Elementary algebra tells us that, using the same impedances as before, that this

www.TechnicalBooksPDF.com



68 Structure, Operation and Management of the Electricity Supply Chain
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Figure 2.28 Power flow, expressed by the superposition of individual flows from units to load

must be done by increasing the generation at unit A and decreasing the generation at unit
B. This is shown in Figure 2.29.

T
6W 3w

1W '

—————— >
2W

X
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\ ,/2W

Figure 2.29 Satisfaction of increment in demand at node C, given a constraint on line BC, by
increasing generation at A and decreasing generation at B

We can see by inspection, that if the marginal costs of generation at A and B are £ 12/MWh
and £10/MWh respectively, then the marginal cost of power at node C is formed from
the marginal cost of generation at A (£ 12/MWh) plus the cost of redispatch (£ 12/MWh —
£10/MWh), or a total of £14/MWh. The location marginal cost at node C is therefore
greater than the most expensive plant on the system.

By extending the network slightly, we can show that by adding a bus D with an associated
load, that under certain conditions, it is advantageous from a system perspective to ‘dump’
load at bus D and pay load D to take the power away. This example is worked through in
the appendix.

Extending still further, we can see that the effect of constraints can be far reaching. In
the appendix we show an unconstrained network that is tied by unconstrained tie lines to a
constrained system. The constraint on one system is felt on the other.
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2.3.1.8 Joining of control areas

Consider two simple systems with one generator and one consumer each, which then inter-
connect to each other. The mutual impact can be seen with a simple diagram. By connecting
the 200 MW system to the 50 MW system we cause a 37.5 MW flow from C to A and B to
D and in doing so increases the flow from A to D by 37.5 MW. This may exceed the line
constraints and therefore drive new transmission build in one control area to accommodate
flow through it. Whilst total losses fall from interconnection, the losses through AB increase.

Figure 2.30 Issues of compensation from connecting control areas. For details see text

2.3.1.9 Security and redundancy

In developed countries, a high premium is allowed for to provide system security from black-
outs, at a very high probability confidence level. To ensure a particular level of system secu-
rity requires the system to have inbuilt redundancy so that the failure of one piece of equip-
ment allows the load to be diverted without system failure. If the system can still deliver the
load with one failure but not a second failure in the affected area, then the system is said to
have ‘n minus one’ redundancy. Similarly ‘n minus two’ redundancy allows for two failures.

The need to protect system security at any one instant means that the system operator will
control the plant dispatch in order to limit the line loadings such that a particular confidence
level of system security is maintained. This limit acts over and above the thermal limit of
individual lines.

Figure 2.31 shows a simple network with three buses, two units and one load. The system
operator can choose to dispatch only A or only B, or to dispatch both below full load (for

et
generation

capability

©

m—® @, somw

100MW 60 MW demand
generation constraint )
capability

Figure 2.31 Three node system with line constraint, for calculation of network failure effects
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a greater marginal cost) to reduce the probability and extent of lost load. The probabilities
are shown in the table.

Let us assume that the generators do not fail, but that the lines have failure probabilities
as follows: AB=5%, AC=5%,BC =2%. Very high fail rates are used for the purposes
of illustration.

Supposing that only generator A is hot. We can then calculate our probabilities of various
levels of lost load according to the probabilities of the different combinations of failures.

Table 2.1 Probabilities and lost loads arising from all possible line failure combinations, with only
generator A on load

ab ac bc lost load probability
fail OK OK 20 4.7 %
OK fail OK 0 4.7 %
OK OK fail 20 1.8%
fail fail OK 80 0.2%
fail OK fail 20 0.1%
OK fail fail 80 0.1%
fail fail fail 80 0.01 %
OK OK OK 0 88.4 %

We can do the same for B on load only, and for both A and B on load, and express this in
terms of confidence:

100%

98 %

96 %

Confidence

94%

92% L e B —
0 10 20 30 40 50 60 70 80
Lost load

Figure 2.32 Confidence levels for different levels of lost load, with only unit A available, only B
available, and both available. Assumes no generator failure

Here we see that having A in readiness in addition to B, gives us only a relatively small
increase in confidence for lost load.

However, we must also take into account the probability of generator failure, which is in
practice far higher than the probability of line failure. Here we assume failure probabilities
as follows: A=10%, B =20%.

The number of failure combinations is now far higher. The confidence diagram is
shown below. Now the order of importance of the generators is reversed.

The system security choice must be made across the whole probability spectrum, so the
dispatch that optimises’ reliability at one level of confidence or lost load, is different to one
at a different confidence or lost load.

7 1If line failure is incorporated into the market model, then line failure probability is sometimes ignored for market pricing.
See section 5.1.5.1.
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Figure 2.33 Confidence levels for different levels of lost load. Generator failures included

2.3.1.10 Reactive power

Reactive power must be provided to the grid in order to maintain stability. Whilst active
power can travel from any part of the system to any other at the speed of light, subject only
to losses and dispatch restrictions due to constraints, reactive power (which is explained in
the appendix) does not travel in the same way and it must be supplied near (within ten’s
of km) the requirement.

As well as producing active power, generators can produce or consume reactive power as
described in section 2.2.16. In addition to the production of reactive power by generators, the
transmission grid can produce reactive power by capacitors or synchronous compensators.
There is a limited capability at the point of consumption to alter reactive power requirements
by altering the mix of resistive (e.g. heating and incandescent lighting) and inductive (e.g.
motors and fluorescent lights) load.

2.3.1.11 Synchronous interconnection

The inertia of the synchronous network and therefore its stability (provided that there are not
sources of instability) increases with its size. Inter control area transfer is also more efficient
if using synchronous AC, without any conversion, rather than rectifying to DC and then
converting back to AC. Figure 2.34 shows the main UCTE synchronous regions in Europe.
The other synchronous regions are all Ireland, Great Britain and Nordel.

Figure 2.34 Synchronous regions in the European area. Source UCTE system adequacy forecast
2005-2015. Reproduced with permission. The UCTE region is divided as shown. Western Ukraine is
also synchronous with UCTE

www. TechnicalBooksPDF.com



72 Structure, Operation and Management of the Electricity Supply Chain

NERC INTERCONNECTIONS

~ EASTER|
F ~_ INTERCONMECTION
-~

ERCOT .
INTERCONNECTION *

Figure 2.35 Synchronous regions in the USA. Source NERC — reproduced with permission

2.3.2 Functions associated with network operation

Energy networks are natural monopolies since it is inefficient to duplicate the physical
network, and the balancing requirements for energy management mean that many short term
decisions must be unilateral.

Whereas the power generation sector generally has a single function (provision of energy,
capacity and ancillary services), the networks are regulated because they are monopolies,®
and because they are regulated they are subject to more influence. The position of the high
voltage networks (commonly called ‘grids’) , means that they take on a number of functions.

Because of the national reach and monopoly position of the network operators, the
management of the ESI is closely associated with the transmission sector. There are in
fact many functions, many of which can be deregulated, or outsourced. There is no single
model for the functions variously described as independent system operator, system operator,
transmission system operator, market operator, and the various other functions such as
managing the physical grid, planning, authorisation, etc.

Central planning
Long term system plan
Coordination
Authorisation
Enquiries/studies

Physical management | System operation Market operation
. o Dispatch, reserve, Imbalance costs
Build Maintain balancing, voltage etc. | Balancing incentives
Design Optimisation of Market administration
Technolo constraint, losses, etc
oy Cross country ‘wheeling’
Commercial
arrangements

Ancillary services
Network charges

Figure 2.36 One representation of the functions associated with transmission and system operation

80 parallel networks are not efficient, but the continuous evolution of neighbouring networks under different owners does erode
the monopoly to some extent. There are many examples of parallel networks in the gas system.
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2.3.2.1 Physical management of the transmission grid

The grid involves a number of physical components such as towers, civil structures, lines,
bushing insulators, breakers and busbars, relays, capacitors, transformers, meters, rectifiers
and frequency converters and static var compensators. These require regular testing and
maintenance in normal service, and repair from electrical, man made, or weather events.
Technological innovation and implementation can be the province of either the owner or
operator of the grid.

2.3.2.2 Asset management owning (financing)

Being monopolies, privately owned or corporatised transmission owner operators have reg-
ulated revenues. The regulatory intention is that the return on investment is sufficient to
attract debt and equity capital without paying an excess return. The return on equity capital
is dependent on the amount (variance) and type (correlation to other types) of risks faced,
and the amount is in turn affected by the financial gearing (debt/equity ratio) of the firm.

In order to calculate the fair return, the regulator considers three main costs that must be
recovered

(i) Return on Regulated Asset Value (RAV) of installed assets;
(ii) capital expenditure proposals;
(iii) operating costs.

These costs are not recovered directly from consumers, but by the supply companies that
have the data and the billing infrastructure to do so. On the same bill that recovers other
non transmission related costs (such as energy, distribution costs, value added tax, levies,
cross subsidies, rebates and other costs), are also included other costs related to transmission
but which are not intended for the asset owner. These can include, for example, losses,
constraint costs, balancing costs, ancillary service costs and others.

The asset owner takes the risk that the operating and capital costs exceed those estimated
and provided to the regulator, unplanned capital expenditure due to repair (some recoverable
from charges and some not), incentives and penalties.

2.3.2.3 System operation

Even where there is specific recognition of the term ‘system operator’ and designated roles
and responsibilities, these responsibilities vary greatly from country to country and control
area to control area.

For our current purposes, we define the role of the system operator to be short term (less
than about one day) energy management with the given installed infrastructure after the
market operator or power exchange has played her part. This therefore includes:

(i) Optimisation with respect to constraint costs, losses, system security and (for pool
markets, unconstrained cost).

(ii) Dispatch (for pool markets) and redispatch (for pool and multilateral markets).

(iii) Dispatch of feed-in plant.

(iv) Dispatch of centrally managed plant (e.g. large hydro and nuclear).

(v) Balancing (real time balancing of energy flows).

(vi) All forms of energy reserve that are called under grid code or ancillary service contracts.
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(vii) Other ancillary services (reactive power).
(viii) Medium term framework arrangements for ancillary services, including black start.
(ix) Medium term bilateral arrangements for energy and capacity, either through the
multilateral wholesale market or privately, engaged to maintain system security.
(x) Cross control area arrangements, including energy contracts, wheeling contracts,
interconnector capacity, reserve and other ancillary service contracts.

(xi) Short term demand forecasting.

(xii) Estimation of generator fail events on load or future, energy shortfall and failed
start or return to service.

(xiii) Ex ante and ex post cost allocation to generation and supply companies.

(xiv) Participation in market design.

Even if the supply sector is separate from the generation and transmission sectors, the system
operator generally still estimates expected demand. This is for several reasons:

(i) There is no clear incentive for monopoly supply companies to submit accurate estimates.

(ii) There is some incentive for private supply companies to bias their estimates.

(iii) Aggregate demand is driven by factors common to all regions and hence analytic
resource need not be excessively duplicated.

(iv) The need for rapid analysis and short communication chain encourages the analysis to
be close to the point of despatch decision.

(v) Generation failure must also be estimated. The grid operator also estimates the likelihood
of generator failure, although since there are more company specific factors, the grid
also requests failure expectation estimates from the generators.

(vi) When a customer switches from one supplier to another, the new supplier may only
have generic information about the customer based on the type of premises, whereas
from the perspective of the grid, consumption is not changed by change of supplier.

2.3.2.4 Market operator

The function of the market operator is separate to that of the system operator, although it
can be performed by the same entity (or at least by groups under the same entity).

The function of the market operator in the pool does include optimal dispatch from
submitted offers, and hence must, at the very minimum, be done in close coordination with
the transmission grid.

The function of the market operator in a multilateral market is not to manage energy
flows, but to ensure that the commercial arrangements between supply companies, the system
operator and producers are robust, and that the system is not commercially abused (for
example by inappropriate use of market power).

The way that the market operator operates for pool markets, bilateral markets, the balancing
mechanism, and imbalance is described in section 5.6.

2.3.3 Coordinated planning of generation and transmission build

Network infrastructure is built incrementally, and once installed, is virtually immobile. Net-
works evolve gradually: (i) to increase connectivity between existing demand and existing
generation sites, (ii) to respond to demand movement driven by growth, decline and demo-
graphic change and (iii) to connect new generation sites which differ from old sites according
to changing fuel proximity and other reasons.
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Because they evolve and production and demand centres evolve, the networks are never
perfectly suited to the current situation.®! The very existence of high voltage networks, and
flow along the networks, is some proof of the dislocation between the generation and the
consumption.

There is generally no licence obligation of non-monopoly generators to generate electricity,
only a regulatory requirement not to use discretionary withdrawal of generation to elevate
prices for the withdrawn generating units or for other generating units. Generating units can
change hands with little restriction. This limits the role that generators have in planning the
system overall, although the need to gain the various permissions to build and connect to
the infrastructure does naturally involve generators in the planning process.

Consumers have no role in the planning process. Although there are usually economic
signals to encourage the gradual relocation of demand towards areas of net generation, the
signal is in practice very weak compared to all of the other reasons for choosing location. The
exception is the most intensive energy users, such as aluminium smelters, who do actively
seek out the cheapest locations for electricity.

From a planning perspective, it is clear that the network must be built in some kind
of coordination between generation build/close and consumption changes. However the
planning roles of the transmission grid owner, the generators, and the consumers are very
distinct.

The grid owner has no role in generation build, close, siting or authorisation (excepting
the permissions required for the associated transmission build and strengthening). Clearly
however, there is a need to play some form of coordinating role. This commonly happens
in four stages:

(i) The grid owner collects the generator plans going forward about seven years.

(ii) The grid owner reports to government on the evolving electricity map with particular
attention to security of supply.

(iii) The grid owner assesses what the optimum build of transmission assets would be to
match the generator plans.

(vi) Consideration is given to the economic signals to generation and demand to encourage
siting in electrically optimal locations.

Text Box 2.3 — Information used in planning grid construction

In constructing the energy map, the grid owner updates a large amount of information,
including:

(i) Demand. Current demand location, demographic trends, where it is shifting to and
from, what the ratio of consumption to gross domestic consumption (GDP), called the
energy intensity is, what the GDP growth forecast is, daily/weekly/seasonal profile
trends, trends in demand management, temperature trends.

81 We note that in both planning of infrastructure build, and of on the day dispatch, that simultaneous optimisation of generation
and transmission is preferred.
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Text Box 2.3 — Continued

(ii) Embedded generation. Current, planned, expected, load profile.

(iii) Current level of losses, constraints, reactive power, stability, redundancy.

(vi) Chosen level of system exposure to local/regional failure.

(v)  Generation. Installed capacity, planned capacity, expected capacity, rebuild, fail
rate, fuel types and expected load factors, location, flexibility, intermittency, reactive
power effects, black start capability.

(vi) Fuel logistics and logistical redundancy, energy source diversity.

(vii) Prevailing political and media climate (relative pressure on cost or on security).

(viii) Interconnector flows and very long range flows.

(ix) International change factors — ability of system to contend with increased or reduced
imports of power and/or fuel.

(x)  Current and future compliance of physical installations with current and future laws
and regulations.

(xi) National emissions.

As a general rule, prevailing constraints and new generation build are the primary driver
for investment in new transmission lines. We see in section 2.3.1.7 and the appendix the
substantial effects that constraints can have on location marginal pricing. In theory, the
transmission operator can establish the ‘congestion rent’ (the change in the total cost of
demand before and after a build of transmission infrastructure) to calculate the optimum
build. In practice, it is not quite so simple. For example: (i) the grid owner cannot actually
collect the rent and then spend it, because there is limited incentive, and indeed mechanism,
to pay it years in advance (ii) the congestion rent calculated with economic and engineering
principles, does not precisely match the congestion rent indicated by changes in transmission
tariffs and market prices and (iii) rent is collected at the average whereas incentive is at the
margin.

The visual amenity impact of power towers and transmission lines is high. This requires
consideration of the amenity impact and thence (if on balance the construction is still
required) an extensive process of consultation.?? It is in fact common for distributors to have
few limitations on erection rights for poles on public land, wires over public and private land,
and strong rights for erecting poles on private land. Erection of transmission infrastructure
is much more restricted.

2.3.4 Signals to build

In order for investment to be reflective of the benefit imparted, and for the respective build
of transmission and generation to be economically optimal, then the build of transmission
infrastructure should be funded by charges to the ESI, at a fair risk adjusted rate of return.

Ideally, signals to build can be created by creating a commercial mechanism that allows
the capture by the builder of the ‘congestion rent’ described in Chapter 7. There have been
very significant improvements in methodology, agreement and practical agreements over the
last ten years, but there remain many issues with this.

82 Typically this period exceeds the corresponding period for power generators. A power station on a new site requires
transmission infrastructure of course.
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Figure 2.37 Alleviating constraint on line AB (1) Inability for generation to serve demand due to
constrained line, (2) Solving by strengthening the line, (3) Solving by moving generation, (4) Solving
by moving demand

There is not, in most instances, an explicit connection between discretionary build of
transmission and of committed generation build or of demand growth.®* A generator will
in general have either one site in mind, or a limited range that is often largely dependent
on legacy such as existing infrastructure, permits, or fuel logistics. The location decision
within one company, to the extent that it exists at all, commonly does not have the economic
importance that it deserves. Whilst the generator may take an economic view of where it
is ‘best’ to build generation from the perspective of maximising consumer and producer
surplus, it is in practice highly dependent on the actual operation of the rules for transmission
connection and utilisation. These can be highly variable, due to: (i) the general flux of
trialling of new methods for charging and (ii) long range effects due to the physical and
market connection of neighbouring control areas/markets. In addition to this, changes in
the ratio of charging to generation and demand, alters the amount, geographical gradient®
and general structure of transmission charging to generators. Currently the extent to which
electrical location alters the geographical placement of demand (for example, the building
of factors) is to all intents and purposes non existent.

The problem from a signal to build perspective is that the lowest frequency practical
is reset tariff and market mechanisms is about five years, so at a random time, there are
only 21/, years of known tariff structure. This exceeds the time interval from consent to
commercial operation even for combined cycle gas turbines, which have the shortest time
from plan to build of all main generation types. Hence a single price control review provides
little signal to build. More important is the precedent set for methodological principles and
stakeholder compromises.

Figure 2.38 shows schematically how transmission lines can grow between nodes accord-
ing to different criteria. In the figure, LMP stands for location marginal pricing, and the
LMP figure depicts schematically the ability to alter electrical flow at the nodes.

83 Argentina is an unusual example in which users propose and vote for major expansions in a Public Contest.
8 In theory, altering the generation/demand split does not affect the geographical gradient, but in practice, practical and political
considerations limit the maximum or minimum charge, and this can be altered by adjusting the gradient.
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Figure 2.38 Schematic representation of the result of incremental line build, according to different
criteria

Note that under many market models, generators can be incentivised® to produce on the
‘wrong’ side of constrained lines, since they can gain the clearing price under ‘postage
stamp’ pricing® and then gain ‘constrained off” balancing revenue.

There are in practice a number of modelling issues relating to location signalling;

(i) System modelling is complicated enough even in a regulated monopoly in a closed
system, limited by country borders. In an international setting the problems increase.

(ii) National plans make assumptions about interconnector flows.

(iii) The incremental cost within country A of an increase in long term interconnector flow
to, from, or to and from, country B is not easy to determine.

(iv) For several build projects, the congestion rent available to each interacts, and hence is
dependent on the order of calculation of build increment.

(v) Countries and country borders commonly have a long term list of essential schemes,
with approximate prioritisation and timing. The driver is the trade-off between dis-
amenity and cost of transmission lines and towers and the saving in electrical losses,
cost of constraint and system security.

(vi) Initial planning of networks involves the use of electrical topology, which views the
system as a set of demand nodes, generation nodes and lines which have electrical
rather than geographical characteristics. This establishes the need to connect nodes to
each other, using new transmission lines.

(vii) Equity in the distribution of benefits arising from transmission build.

The result is that the connection between recoverable congestion rent and incremental build
cost is approximate, and transmission build signals are therefore approximate.

2.3.5 Interconnection

Interconnectors refer to transmission lines between control areas. As the coordination of
control area management increases, then synchronous interconnectors are regarded as just

85 Whilst there can be a balancing or capacity incentive to build in the ‘wrong’ place, this is almost always overwhelmed by
the regional signals in, for example, connection charges and use of system charges.
86 See section 7.4.1.
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Figure 2.39 Cross border flows in the European area. Source UCTE. Reprinted with permission

part of the network. Where the networks are at different frequencies, out of phase, or
physically far apart, then DC interconnectors are used.

For a given level of installed generation, then interconnection increases total system
security, and the alleviation of constraint makes inter control area trading and wheeling more
effective.

The interconnectivity of networks has been increasing on a more or less continuous basis
for the last 100 years. Figure 2.40 shows the percentage of cross border flow as a percentage
of the total flow in the UCTE (Europe) area over the last 30 years.

2.3.5.1 Physical boundaries of the high voltage network

Transmission networks are predominantly natural monopolies and where there is competition,
it is at the boundaries of the network, principally the entry and exit points. This is shown
schematically in Figure 2.41.

2.3.6 Charging mechanisms available to the grid and system
operators

The operation of the mechanisms is considered in more detail in Chapter 7 on location. The
principal charging mechanisms map to the principal costs of the various functions involved
with transmission, and are often allocated accordingly:

(i) Connection — This is a one off cost for connecting the production or consumption
to the electrical infrastructure. Since electrical flows are changed, then there can be
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Figure 2.40 Growth of interconnector flow in the UCTE region. Source UCTE. Reprinted with
permission
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Figure 2.41 Physical boundaries of the transmission system

(ii)

(iii)

(iv)

long range effects and requirements for build of transmission infrastructure (see for
example of long range effects). These ‘deep entry’ costs can be included in the initial
connection costs for new entrants, or smeared across all participants in the use of
system charge. The deep entry cost needs to consider future as well as current electricity
flows.

Use of system — This is an annual charge for access to the electrical infrastructure. This
generally varies according to location and is generally charged according to maximum
capacity utilisation or some proxy measure for it.

System balancing — This charge is related to the cost of the system operator for
balancing the system between five minutes and a few hours ahead. This can alternatively
be collected through imbalance charges. Under many regimes, the charges for system
balancing exceed the costs, and the surplus revenue can be smeared back to the industry
in a number of ways.

Reserve — This is related to the cost that the system operator incurs in securing capacity
for the provision of the family of reserve, as well as that for delivery over and above
the cost of the energy.
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(v) Cross subsidies — Just as supply companies can act as collection agent for taxes,
the transmission system operator can act as collection agent for any cross subsidies
that are best collected according to capacity requirements and therefore conveniently
collected with use of system charges.

(vi) Losses — Since the electrical energy taken out of the system is less than that put in,
then the losses must be accounted for.

(vii) System operator incentives — Since transmission provision and system operation are
regulated monopolies, many costs are ‘passed through’ to the ESI participants. In order
to incentivise the system operator to minimise losses, minimise costs of constraints,
maximise system security, and other factors, system operators commonly operate an
incentive scheme under the jurisdiction of the regulator.

(viii) Reactive power charges — Reactive power consumption can be specifically charged
for.

(ix) Wheeling — Participants who ‘wheel’ power into the control area, or all the way
through, must pay wheeling fees.

24 DISTRIBUTION

The distribution system currently forms a very passive role in energy management and the
design of the ESI in general. This is despite the fact that in terms of consumer bills, the
high cost of losses,®” high extent and low accessibility of physical infrastructure means
that the costs are comparable with that of generation for the residential sector. Indeed if
‘commercial losses’ (e.g. theft) of electricity are included, then distribution costs can exceed
generation costs.

Supply
Energy

Levies etc

Transmission =
Distribution

Figure 2.42 Typical constitution of cost elements of residential electricity provision

The distribution sector picks up the energy from the grid, commonly at around 110kV and
delivers it to virtually all® electricity consumers. The asset and customer base is highly
distributed and the tasks and challenges to the distribution system are quite distinct to that
of the grid.

Historic legacy and changing practice means that the definition of distribution varies.
The widest definition is for distribution to include all ESI activities downstream of the

87 Compared to transmission there are lower voltages, higher leakages, longer lines per unit of power delivered, thinner wires
with higher resistance, and more transformers. In addition, commercial losses do not exist in transmission.
8 A very small number of users, such as steelworks , draw power directly from the high voltage grid.
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transmission grid with the exception of that part of the distributed generation sector that is
privately owned. The narrowest definition, that we shall use here, is from transmission exit at
low voltage up to, but not including, the electrical infrastructure at the site of consumption.

440kV
High voltage network

: 275kV

110kV

220kV Medium voltage network
Y 11kv

110/230V Low voltage network

(l) Meter

Supply

Figure 2.43 Extent of definition of distribution. Widest definition includes medium voltage network
and supply. Narrowest definition includes only low voltage network. Voltage definitions vary

The customer interface, particularly in relation to connections, metering and disconnections,
means that there is a close relationship between distribution and supply. Ownership is
often common or vertically integrated. The rules of the EU directive and of market reform
generally, are clear however®; distribution should be unbundled from supply.

As with transmission, there can be competition at the system boundaries with independent
distribution network operators.

2.4.1 The roles of the distribution network operator

The management of the distribution network is quite different to that of the transmission
network. The infrastructure is itself far more distributed and real time management of the
systems are more ‘passive’ than for transmission.

The increase of embedded generation, particularly of generation that is intermittent, or
causing the requirement of reactive power, can substantially change the flow and the require-
ment to manage distribution networks ‘actively’ in real time.

Distribution network operators offer services such as connections, although this can be
deregulated to allow competition. Emergency services tend to be retained as monopoly
functions.

Although the distribution sector has the lowest profile in the ESI, there is the highest
interaction with the consumer, particularly if metering activities are retained. Not only is
connection and disconnection usually managed by the distribution network operator, but the
most significant customer experience, that of blackout is almost invariably due to distribution
faults.

Because of the local nature, distribution network failures have low media profile, but it
is salutary to note that the well publicised failure in California was only for an average
of 1.7%" of peak and on only six days. Crudely speaking, over a year, this represented a

89 See Jones (2004).
90 Calculated from figures in Sweeney (2002).
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0.03 % loss rate over the year. This is broadly comparable to a residential loss rate from
distribution network failure.

2.4.1.1 Charging

Charging for distribution is similar to charging for transmission, with a capacity and energy
charge. Network charging is commonly designed on the assumption that electricity flows
into the transmission grid from the generators, and out of the distribution grid from the
consumers. Therefore more grid connected generation or distribution connected demand
increases the requirement for infrastructure build. The connection of demand to the grid or
generation to the distribution network can therefore actually reduce infrastructure require-
ments. Charging arrangements are increasingly designed to accommodate the cost reflectivity
of the connection and have been made more complicated by the growth of embedded gen-
eration. For example, in Great Britain, embedded generation installed prior to April 2005
currently does not pay distribution use of system charges. The relative effect of embedded
generation capacity on ‘shallow’ and ‘deep’ entry is shown in Figures 2.44 and 2.45.

2.4.1.2 Distribution price regulation

Distribution networks are local monopolies and therefore have their revenues controlled
by regulation. The charges are closely connected to the regulated asset value, operating
costs, and capital expenditure plans. Various functions that can be provided by distribution
companies, with or without competition, such as metering and connections, can be included
in the price regulation, have separate price regulation, or be fully deregulated.

Broadly speaking, distribution revenues are reviewed about every five years and within
the price control period, prices tend to rise on an index of RPI minus X, where RPI is the
retail price index and X is a mixture of relative total factor productivity®' of the distribution
sector and imposed ‘stretch’ on company performance.

Three aspects of distribution networks are important from a price risk perspective. These
are; (i) the inflation indexing commonly used, which clearly places inflation risk with the
suppliers and consumers, (ii) the energy costs associated with the network (for example
losses) and (iii) temperature (warm winters cause revenue losses to the distribution com-
panies, which can cause charge recovery in the ensuing years).

2.4.2 Entry connection cost

There is a high one off c