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|.I Introduction

One of the greatest challenges facing humanity during the twenty-first
century must surely be that of giving everyone on the planet access to safe,
clean and sustainable energy supplies.

Throughout history, the use of energy has been central to the functioning
and development of human societies. But during the nineteenth and
twentieth centuries, humanity learned how to harness the highly-
concentrated forms of energy contained within fossil fuels. These provided
the power that drove the industrial revolution, bringing unparalleled
increases in affluence and productivity to millions of people throughout
the world. As we enter the third millennium, however, there is a growing
realization that the world’s energy systems will need to be changed radically
if they are to supply our energy needs sustainably on a long-term basis.

This introductory overview aims to survey, in very general terms, the world’s
present energy systems and their sustainability problems, together with
some of the possible solutions to those problems and how these might
emerge in practice during the twenty-first century.

Why sustainable energy matters

The world’s current energy systems have been built around the many
advantages of fossil fuels, and we now depend overwhelmingly upon them.
Concerns that supplies will ‘run out’ in the short-to-medium term have
probably been exaggerated, thanks to the continued discovery of new
reserves and the application of increasingly advanced exploration
technologies. Nevertheless it remains the case that fossil fuel reserves are
ultimately finite. In the long term they will eventually become depleted
and substitutes will have to be found.

Moreover, fossil fuels have been concentrated by natural processes in
relatively few countries. Two-thirds of the world’s proven oil reserves, for
example, are located in the Middle East and North Africa. This
concentration of scarce resources has already led to major world crises
and conflicts, such as the 1970s ‘oil crisis’ and the Gulf War in the 1990s.
It has the potential to create similar, or even more severe, problems in the
future.

Substantial rises in the price of oil also can cause world-wide economic
disruption and lead to widespread protests, as seen in the USA and Europe
in 2000.

The exploitation of fossil fuel resources entails significant health hazards.
These can occur in the course of their extraction from the earth, for example
in coal mining accidents or fires on oil or gas drilling rigs.

They can also occur during distribution, for example in oil spillages from
tankers that pollute beaches and kill wildlife; or on combustion, which
generates atmospheric pollutants such as sulphur dioxide and oxides of
nitrogen that are detrimental to the environment and to health.

Fossil fuel combustion also generates very large quantities of carbon dioxide
(CO,), the most important anthropogenic (human-induced) greenhouse gas.
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The majority of the world’s scientists now believe that anthropogenic
greenhouse gas emissions are causing the earth’s temperature to increase
at a rate unprecedented since the ending of the last ice age. This is very
likely to cause significant changes in the world’s climate system, leading
to disruption of agriculture and ecosystems, to sea level rises that could
overwhelm some low-lying countries, and to accelerated melting of glaciers
and polar ice.

Figure 1.5 Rising sea levels due to global warming could overwhelm some low-lying
nations, such as Tuvalu, a group of nine coral atolls in the Pacific

A

Figure 1.6 Rising global temperatures have already caused significant melting of ice
around the North Pole, which is now accessible to ships at certain times of the year. This
does not affect global sea levels, since most Arctic ice is floating. But if ice at the South
pole, much of which is based on land, were to melt, this would cause very substantial
rises in sea levels
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Nuclear power has grown in importance since its inception just after World
War II and now supplies some 7% of world primary energy. A major
advantage of nuclear power plants, in contrast with fossil fuelled plants, is
that they do not emit greenhouse gases. Also, supplies of uranium, the
principal nuclear fuel, are sufficient for many decades — and possibly
centuries — of supply at current use rates. However the use of nuclear energy,
as we shall see, gives rise to problems arising from the routine emissions of
radioactive substances, difficulties of radioactive waste disposal, and
dangers from the proliferation of nuclear weapons material. To these must
be added the possibility of major nuclear accidents which, though highly
unlikely, could be catastrophic in their effects. Although some of these
problems may be amenable to solution in the longer-term, such solutions
have not yet been fully developed.

Extracting energy from fossil or nuclear fuels, in the course of providing
energy-related services to society, generates significant environmental and
social impacts. These impacts are greater than they need be because of the
low efficiency of our current systems for delivering energy, converting it
into forms appropriate for specific tasks, and utilizing it in our homes,
machinery, appliances and vehicles. An important way of mitigating the
environmental impacts of current fuel use is therefore to improve the
efficiency of these systems. Over the past few decades, significant efficiency
improvements have indeed been made, but further major improvements
are feasible technologically — and are, in many cases, attractive
economically.

Of course, not all energy sources are of fossil or nuclear origin. The
renewable energy sources, principally solar energy and its derivatives in
the form of bioenergy, hydroelectricity, wind and wave power, are
increasingly considered likely to play an important role in the sustainable
energy systems of the future. The ‘renewables’ are based on energy flows
that are replenished by natural processes, and so do not become depleted
with use as do fossil or nuclear fuels — although there may be other
constraints on their use. The environmental impacts of renewable energy
sources vary, but they are generally much lower than those of conventional
fuels. However, the current costs of renewable energy sources are in many
cases higher than those of conventional sources, and this has until recently
retarded their deployment.

All these considerations suggest that in creating a sustainable energy future
for humanity during the coming decades, it will be necessary:

1 to implement greatly improved technologies for harnessing the fossil
and nuclear fuels, in order to ensure that their use, if continued, creates
much lower environmental and social impact;

2 todevelop and deploy the renewable energy sources on a much wider
scale; and

3 to make major improvements in the efficiency of energy conversion,
distribution and use.

These three general approaches will be explored further below, and in
greater detail in the remaining chapters of this volume. The subject of
Renewable Energy will be dealt with in the companion volume, Renewable
Energy (Boyle, 1996,2003).




Figure 1.7 William Blake
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|.2 Definitions: energy, sustainability
and the future

Energy is Eternal Delight
William Blake, 1757-1827, (1994)

What do we mean by ‘energy'? What does the concept of ‘sustainability’
entail? And what, for that matter, do we mean by the ‘future’ in this context?

The eighteenth century poet and artist William Blake, quoted above,
probably expressed our personal experience of energy as we feel it in our
day-to-day lives more accurately than any scientific definition. Indeed,
the word energy, when it first appeared in English in the sixteenth century,
had no scientific meaning at all. Based on a Greek word coined by Aristotle,
it meant forceful or vigorous language.

It was not until the early 1800s that the concept of energy in the modern
sense was developed by scientists to describe and compare their
observations about the behaviour of such diverse phenomena as the transfer
of heat, the motion of planets, the operation of machinery and the flow of
electricity. Today, the standard scientific definition is that energy is the
capacity to do work: that is, to move an object against a resisting force.

In everyday language, the word ‘power’ is often used as a synonym for
energy —and indeed in this book and its companion volume the two words
may occasionally be used in this rather loose way merely as substitutes for
each other. But when speaking scientifically, power is defined as the rate
of doing work, that is, the rate at which energy is converted from one form
to another, or transmitted from one place to another. The main unit of
measurement of energy is the joule (J) and the main unit of measurement
of power is the watt (W), which is defined as a rate of one joule per second.
The twin concepts of energy and power will be discussed in more detail in
Chapter 2.

The term ‘sustainability’ entered into common currency relatively recently,
following the publication of the report Our Common Future by the United
Nations' Brundtland Commission in 1987, The commission defined
sustainability, and in particular sustainable development, as ‘development
that meets the needs of the present without compromising the ability of
future generations to meet their own needs.’ (United Nations, 1987).

In the context of energy, sustainability has come to mean the harnessing of
those energy sources:

= that are not substantially depleted by continued use;

= the use of which does not entail the emission of pollutants or other
hazards to the environment on a substantial scale; and

= the use of which does not involve the perpetuation of substantial health
hazards or social injustices.

This is, of course, a very broad ideal. Although a few energy sources can
come close to fulfilling these conditions, most fall considerably shart of
the optimum. This means that, in practice, sustainability is a relative rather
than an absolute concept. It is not so much that some energy sources are
sustainable and others not; it is more that some energy sources, in certain
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contexts, are more sustainable than others. Determining the relative
sustainability of one energy system vis-d-vis another is usually a complex
process, involving detailed consideration of the specific processes and
technologies proposed, the context in which they are being used and the
differing values and interests of the various parties involved.

For example, suppose the Government of a country is proposing to construct
a large hydro-electric power plant like the one shown in Figure 1.25 in
Section 1.3 below. The villagers whose homes would be flooded by the
associated reservoir would probably take a different view of the plant's
sustainability to that taken by the city-based planners in the electricity
utility proposing its construction, whose homes would be unaffected and
whose careers would probably stand to benefit from such a major capital
project.

When we speak of ‘the future’ in the context of a ‘sustainable future’, what
do we mean? Next year? One or two decades hence? The end of the twenty-
first century? The end of the third millennium? Forever?

Ideally, in view of the Brundtland Report’s injunction that humanity should
not compromise the needs of future generations, we should judge the
sustainability of all energy systems on an indefinite time scale — far into
the very distant future. In practice, however, this might be realistically
interpreted as endeavouring to ensure that energy systems become
sustainable (or at the very least, much less un-sustainable) over the next
century or so — with the additional proviso that, even beyond that time
horizon, few substantial difficulties can presently be envisaged. Future
generations will be justified in blaming us for creating problems that were
foreseeable; but they can hardly hold us responsible for eventualities that
none of us could have anticipated.

|.3 Present energy sources and
sustainability

So what are the principal energy systems used by humanity at present,
and how sustainable are they?

Until quite recently, human energy requirements were modest and our
supplies came either from harnessing natural processes such as the growth
of plants, which provided wood for heating and food to energize human or
animal muscles, or from the power of water and wind, used to drive simple
machinery.

Fossil fuels

But the nineteenth and twentieth centuries saw a massive increase in global
energy use, based mainly on burning cheap and plentiful fossil fuels: first
coal, then oil and natural gas. These fossil fuels now supply nearly 80% of
the world's current energy consumption (see Box 1.1).

Fossil fuels are extremely attractive as energy sources. They are highly
concentrated, enabling large amounts of energy to be stored in relatively
small volumes. They are relatively easy to distribute, especially oil and
gas which are fluids.




BOX 1.1 World primary energy consumption

The population of the world rose nearly four-fold
during the twentieth century, from 1.6 billion in 1900 to
approximately 6.1 billion in 2000, However, world
primary energy use increased at a much faster rate.
Between 1900 and 2000, it rose more than 10-fold

(Figure 1.8). (Primary Energy will be defined in Chapter 2]

For most of the nineteenth century the world's principal
fuel was firewood (or other forms of traditional
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' overtaken it as the leading contributor to world
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‘bioenergy’), but coal use was rising fast and by the
beginning of the twentieth century it had replaced wood
as the dominant energy source. During the 1920s, oil in
turn began to challenge coal and by the 1970s had

supplies. By then, natural gas was also making a very
substantial contribution, with nuclear energy and hydro
power also supplying smaller but significant amounts.

TOTAL 424 E)
il natural
34.6% | JIPg:.i
| 21.4%

,—nurjﬂr
6.6%

21.6% i
‘new' ——|  “traditional
renewables  biomass
1% 11.3%

Figure 1.9 Percentage contributions
of various energy sources to world
primary energy consumption, 2000,
Total consumpticn in 2000 was 424
exajoules, equivalent to just over 10 000
million tonnes of oil. The average rote of
consumption was some | 3.4 million
million wates {13.4 terawarts). Mote that
the actual amounts of electricity
produced by nuclear and hydra power
were almost the same, but due toa
statistical convention in the definition of

primary energy, the nuclear
contribution is multiplied by a facter of

3 (see Chapter 2)
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As Figure 1.9 shows, total world primary energy use in
2000 was an estimated 424 million million million
joules, i.e., 424 exajoules, equivalent to some 10 100
million tons of oil, All of these quantities and units are
explained in more detail in Section 2.2 of the next
chapter (see also Appendix A).

S0

Figure 1.10 A typical supertanker used to ship oil around the globe.
To transport the €. 3500 million tonnes of ol used by the world in 2000
would require some |4 000 tanker journeys, assuming a typical tanker
capacity of 150 000 tonnes. Total world primary energy use in 2000

wiis equivalent to the capacity of some 40 000 supertankers of this size

Energy consumption per capita

—

1

By the year 2000, oil was still the largest single
contributor to world supplies, providing about 35% of
primary energy, with gas and coal supplying roughly
equal shares at around 21-22%, nuclear providing
nearly 7% and hydropower 2%. In 2000, traditional

| biofuels still supplied an estimated 119, while more

modern forms of *bioenergy' provided around 2%,
with other ‘new renewahbles’ like wind power
contributing a very small ({though rapidly growing)
fraction of world demand.

On average, world primary energy use per person in
2000 was about 70 thousand million joules (70
gigajoules), including non-commercial bicenergy. This

| is equivalent to about one and two-thirds tonnes of oil

per person per year, or about 5 litres (just over one
Imperial gallon) of oil per dav.

But this average conceals major differences between
the inhabitants of different regions. As Figure 1.11
illustrates, North Americans annually consume the
equivalent of about B tonnes of oil per head [about 20
litres per day), whereas residents of Europe and the
former Soviet Union consume about half that amount,
and the inhabitants of the rest of the world use only
about one-tenth.

Il

Nerth America Eurepe

G?SWBSWQSUG 758085909500 7580859095500 758085909500 75808590 9500
Farmer Seviet Union

Rest of World World

Figure 111 Per capito primary energy consumption, in tonnes of oll equivalent per year, for different regions of the world and for the world
a8 a whole, 1975-2000. World consumption per person has shown almost no growth over the past 20 years. North American consumption per
capita is mare than twice that of Europe and the former Soviet Union, and almost |0 times the level in the Rest of the Warld. Mote that these
figures include only commercialty-traded fuels {i.e. they exclude traditional biofuels) (source: BP, 2001)
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During the twentieth century, these unique advantages enabled the
development of increasingly-sophisticated and effective technologies for
transforming fossil fuel energy into useful heat, light and motion; these
ranged from the oil lamp to the steam engine and the internal combustion
engine. Today, at the beginning of the twenty-first century, fossil fuel-based
systems reign supreme, supplying the great majority of the world's energy.

The fossil fuels we use today originated in the growth and decay of plants
and marine organisms that existed on the earth millions of years ago. Coal
was formed when dead trees and other vegetation became submerged under
water and were subsequently compressed, in geological processes lasting
millions of years, into concentrated solid layers below the earth’s surface.
Oil and associated natural gas originally consisted of the remains of
countless billions of marine organisms that slowly accreted into layers
beneath the earth's oceans and were gradually transformed, through
geological forces acting over aeons of time, into the liquid and gaseous
reserves we access today by drilling into the earth’s crust. The fossil fuels
are composed mainly of carbon and hydrogen, which is why they are called
hydrocarbons.

Figure 1.12 Parc Colliery in Cwm Park, Rhonda Valley, Glamaorgan, South Wales,
{photo, 1960). Coal was the fuel that powered the industrial revelution. Its combustion
produces relatively large amounts of carbon dioxide (CO,) compared with other fuels. It
also results in particulates (soot), and sulphur dioxide emissions, though these can be
reduced by various techniques. The use of coal in UK homes and industry has now been
largely superseded by natwral gas, but it is still used for electricity generation. Huge
world-wide coal reserves remain, enough for several hundred years' use at current rates
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Figure 1.13 A MNorth Sea oll drilling platform. Qil is the
world's leading energy source. Its high energy density and
convenience of use are particularly advantageous in the
transport sector, where it is the deminant fuel, Oil
combustion produces less CO, per unit of energy released
than burning coal, but mere CO, than burning natural gas.
Proven world cil reserves are sufficient for about 40 years
of use at current rates

-

Since the fossil fuels were created in specific Figure .14 The offshore rig Semac |, a natural gas drilling
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circumstances where the geological conditions
were favourable, the largest deposits of oil, gas
and coal tend to be concentrated in particular
regions of the globe (see Figure 1.15) — although
less appreciable deposits are remarkably
widespread. The majority of the world's oil
reserves are located in the Middle East and North

platform in the North Sea. Matural gas combustion produces
significantly lower CO, emissions per unit of energy than the
combustion of other fossil fuels. Emissions are also free from
sulphur dioxide or particulates. The relative cleanliness and
convenience of natural gas have made it the preferred fuel
for heating and, increasingly, for electricity generation in
Western Europe. Proven world gas reserves are sufficient

Africa, while the majority of our natural gas

reserves are split roughly equally between the

Middle East/North Africa and the former Soviet

Union. (BP, 2002) Although coal deposits are rather more evenly spread
throughout the world, three-quarters of world coal reserves are concentrated
in just four countries: Australia, China, South Africa and the United States
of America. (United Nations, 2000; BF, 2002) (Figure 1.15).

Although human society now consumes fossil fuels at a prodigious rate,
the amounts of coal, oil and gas that remain are still very large. One simple
way of assessing the size of reserves is called the reserves/production
(R/P) ratio — the number of years the reserves would last if use continued
at the current rate.

Coal has the largest R/P ratio. Present estimates suggest the world has more
than 200 years’ worth of coal left at current use rates. For oil, current R/P
estimates suggest a lifetime of about 40 years at current rates. For gas, the
R/P ratio is somewhat higher, at around 60 years. (BP, 2002) (Figure 1.16)

Fossil fuel reserves/production ratios need to be interpreted with great
caution, however. They do not take into account the discovery of new

for about 60 years of use at current rates
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(a)

OIL

Proven reserves at end 2001
Thousand millien barrels

. ' K] Jb .
The world's proven oil reserves
continue to be dominated by |- . T
the Middle East which holds
65.3% of the total

(b)

MNATURAL GAS
Proven reserves at end 2001
Trillion cubic metres

The former Saviet Union

and the Middle East together =" 1
account for more than 70%
of world gas reserves
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BOX 1.2 The greenhouse effect and global climate change

ENERGY SYSTEMS AND SUSTAINABILITY

proven reserves, or technological developments that enable more fuel to
be extracted from deposits or improve the economic viability of ‘difficult’
deposits.

Despite these developments, it seems likely that, at least in the case of oil
from conventional sources, world production will reach a peak in the first
decade of this century. From then on, although vast quantities of
conventional oil will still remain, the resource will be on a declining curve.
(United Nations, 2000; Campbell and Laherrere, 1998). This seems likely
to lead to increased instability and potential for conflict as the twenty-first
century proceeds.

The massive use by our society of coal, oil and gas has, literally, fuelled
enormous increases in material prosperity — at least for the majority in the
industrialized countries. But it has also had numerous adverse
consequences. As already mentioned, these include air and water pollution,
mining accidents, fires and explosions on oil or gas rigs, conflicts over
access to fuel resources and, perhaps most profoundly, the global climate
change that is likely to be the result of increasing atmospheric carbon
dioxide concentrations caused by fossil fuel combustion (see Box 1.2),

The greenhouse effect in its natural form has existed temperature of the earth establishes itself at an

on the planet for hundreds of millions of years and is | equilibrium level at which the incoming energy from
essential in maintaining the Earth's surface at a the sun exactly balances the outgoing infra-red
temperature suitable for life. Without it, we would all radiation.

freeze.

If the earth had no atmosphere, its surface temperature

The sun's radiant energy, as it falls on the earth, warms | would be approximately minus 18 °C, well below the
its surface, The earth in turn re-radiates heat energy | freezing point of water. However our atmosphere,
back into space in the form of infra-red radiation. The = whilst largely transparent to incoming solar radiation

THE GREENHOUSE EFFECT

®

equiiibriurn
no greenhouse
gases in atmosphere

Figure 1.17 A Simplified Depiction of how the Gr‘ﬂll'ﬂ'lﬂ;.l;t Effect Raises the Earth's Tunp-eran.re d

surface of the
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art of the spectrum, is partially opaque

a-red radiation. [t behaves in this way
lition to its main constituents, nitrogen
o contains very small quantities of
", Put simply, these enable the
mﬁkathupmuofgimaini
g the sun to enter but inhibiting
mka-apingthamth'nuﬂam =
Vil thnnitwu‘u]ﬁuth&hﬂa&bﬂ.m
hmpnutumufthuuﬂtilinhct -
mass“ﬂwumorﬂunitwouldbﬂ

- The most important greenhouse gases are water
. vapour, carbon dioxide and methane, though other

gases such as the synthetic Chloroflunrocarbons (CFCs)
also play significant but lesser roles.

‘Water vapour evaporating from the oceans plays a

major part in maintaining the natural greenhouse
effect, but human activities have very little influence
on the vast processes through which water cycles
between the oceans and the atmosphere.

Carbonﬂ.imiﬂri[m is also primarily generated by
include the process of

Loa. Hawaii; pre-1958 data are
estimated from ice cores (source:
Intergovernmental Panel on Climate
Change, 2001)




respiration, in which organisms ‘breathe out’ carbon
dioxide; and the emissions of CO, that occur when
organisms die and the carbon compounds of which
they are composed decay. But since the industrial
revolution, the burning of fossil fuels by humanity has
been adding substantial quantities of CO, to our
atmosphere, The fossil fuels are essentially
compounds of carbon and hydrogen. Coal consists
mostly of carbon, the chemieal symbol for which is C.
Natural gas, the chemical name for which is methane,
consists of carbon and hydrogen (symbol:H). Each
carbon atom is surrounded by four hydrogen atoms, so
in chemical shorthand its symbel is CH,. Oil is a more
complex mixture of many different hydrocarbon
molecules. When any of these fuels is burned, carbon
dioxide is produced, along with water.

The concentration of CO, in the atmosphere in pre-
industrial times was around 280 parts per million by
volume (ppmyv] but levels have been steadily rising
since then, reaching nearly 370 ppmv in 2000,

The other main greenhouse gas, methane, is given off
naturally when vegetation decays in the absence of
oxygen — for example, under water. However various

human activities, including increasing rice cultivation,

which causes methane emissions from paddy fields,
and leaks of fossil methane from natural gas
distribution systems, have caused the levels of
methane in the atmosphere to increase sharply.
Concentrations have risen from about 750 parts per
billion by volume (pphv) in pre-industrial times to
around 1750 ppbv in 2000,

These additional emissions of carbon dioxide and
methane are the main causes of the so-called
anthropogenic — that is, human-induced — greenhouse

| changes in climate.

- In addition, due to thermal expansion of the oceans,
| sea levels would be expected to rise by around 0.5

. metres during the twenty-first century, sufficient to
| submerge some low-lying areas and islands. In the

EMERGY SYSTEMS AND SUSTAINABILITY

effect. Unlike the operation of the natural greenhouse
effect, which is benign, the anthropogenic greenhouse
effect is almost certainly the cause of a global warming
trend that could have very serious consequences for
humanity. Though a small minority dissents, the

majority of scientists now believe that the é
anthropogenic effect, acting to enhance the natural
processes, has already caused the mean surface 3

Rl

temperature of the earth to rise by about 0.6 °C dm-mg

- the twentieth century (Intergovernmental Panel on
- Climate Change, 2001). Moreover, if steps are not taken. P
- to limit greenhouse gas emissions, atmospheric CO,
. levels will probably rise by 2100 to between 540 and 1

970 ppmv (depending on the assumptions made).

These levels would be between two and three times
the pre-industrial CO, concentration, and would be
likely to lead to rises in the earth’s mean surface 4
temperature of between 1.4 and 5.8 °C by the end of
the century. Such temperature rises would be
unprecedented since the ending of the last major Ice
Age, more than 10000 years ago.

These temperature rises would be very likely to result
in significant changes to the earth's climate system.
Such changes would probably include more intense
rainfall, more tropical cyclones, or long periods of
drought, all of which would disrupt agriculture. 1
Moreover, ecosystems might be damaged with some
species unable to adapt quickly enough to such rapid

longer term, further sea level rises would result if the
Antarctic ice sheets were to melt significantly. 4

Nuclear energy

Nuclear energy is based on harnessing the very large quantities of energy
that are released when the nuclei of certain atoms, notably uranium-235
and plutonium-239, are induced to split or ‘fission’. The complete fission
of a kilogram of uranium-235 should produce, in principle, as much energy
as the combustion of over 3000 tonnes of coal. In practice, the fission is
incomplete and there are other losses, but nevertheless nuclear fuels are
more highly-concentrated sources of energy than fossil fuels.

The heat generated by nuclear fission in a nuclear power station is used to
raise high-pressure steam which then drives steam turbines coupled to
electrical generators, as in a conventional power station.

The development of ‘peaceful’ nuclear electricity generation after its use
for military purposes in World War 2 was initially heralded as ushering-in
a new era of virtually-limitless, clean power that some predicted would be
‘too cheap to meter’. In practice, however, nuclear electricity has proved ta
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Figure 1.19 Queen Elizabeth Il opening Calder Hall nuclear power station in Cumbria,
UK, in 1956

be more expensive than that from fossil fuels. Since the UK opened the
world’s first grid-connected nuclear power station at Calder I {all in Cumbria
in 1956, nuclear electricity generation has expanded to a point where it
now accounts for nearly 7% of world primary energy, and for over 17% of
the world’s electricity. In some countries, it is the principal source of
electricity generation. France, for example, derives three-quarters of its
glectricity from nuclear power.

N A “_ el 5
P TY gl T
Figure 1.20 The Civaux Pressurized Water (PWR) nuclear Reactor near Poitiers,
Vienne, France. In 2000, France produced 77% of its electricity from nuclear power
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A major advantage of nuclear energy is that the operation of nuclear power
plants results in no emissions of CO, or of other ‘conventional” pollutants
like sulphur dioxide. However, there are some emissions from the fossil
fuel used in uranium mining, nuclear fuel manufacture, and the
construction of nuclear power plants.

There seems little danger of the world ‘running out’ of nuclear fuel in the
near future. Uranium reserves have been identified in many countries and
are sufficient for many decades of use at current rates, and there are probably
enough additional deposits to extend this to several centuries. Furthermore,
advanced nuclear technologies such as the ‘fast breeder reactor’ (FBR) could
enable uranium deposits to be used even more effectively, thus extending
the lifetime of reserves. In an FBR, the plentiful but non-fissile isotope
uranium-238 is transformed into fissile plutonium-239, which can then be
used as reactor fuel. But the development of FBRs has been inhibited by
substantial technical and safety problems, and by the low price of uranium
which currently makes the technology un-competitive economically.

Although the majority of nuclear reactors in most countries have operated
without serious safely problems, a number of major accidents, like those at
Windscale in the UK in 1957, Three Mile Island in the USA in 1979 and
Chernobyl in the Ukraine in 1986, have created widespread public unease
about nuclear technology in general — despite the opinion of nuclear-
industry experts who argue that such anxieties are irrational.

Less spectacular are the continued releases of harmful radioactive by-
products, in small but insidious and cumulative guantities, to the
atmosphere and oceans during the routine operation of nuclear power plants
and fuel manufacturing or reprocessing facilities.

- s _j-—t-'-"'"

Figure 1.21 The Chernobyl nuclear power plant following the accident in 1986
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There is also the problem of how, ultimately, to
dispose of nuclear waste products, some of which
remain hazardous for many thousands of years;
and the problem of proliferation of nuclear
materials such as plutonium-239 and uranium-
235, which could fall into the hands of ‘rogue
stales’ or ‘terrorists’ capable of creating crude but
devastating atomic weapons from them. Nuclear
power stations and reprocessing facilities may
themselves be vulnerable to terrorist attacks,
which could result in the release of very large
quantities of radioactive substances into the
environment.

Despite these difficulties, the nuclear industry is
attempting to develop more advanced types of
nuclear reactor which, it claims, will be cheaper
to build and operate, and inherently safer, than
existing designs. These are being promoted as an
improved technological option for generating the
carbon-free electricity that will be required later
in the twenty-first century if global climate change
is to be mitigated.

Another potentially important nuclear technology
is that of nuclear fusion. As its name implies, this
involves the fusing together of atomic nuclei, in
this case those of deuterium (so-called ‘heavy’ — | o L
hydrogen). This process, similar to that underlying Figure 1.22 The Joint European Tc;r“ (JET) experimental
the generation of energy within the sun, also nuclear fusion reactor, located at Culham, Oxfordshire, UK
results in the release of very large amounts of

energy. However, in order to create fusion on earth

it is necessary to create conditions in which the nuclei of special forms

[called isotopes) of hydrogen interact in an extremely confined space at

axtremely high temperatures, and so far scientists have only been able to

make this happen for a few seconds.

Moreover, the energy required to power the process currently greatly
exceeds the energy generated. Research into fusion power continues, with
substantial funding, but most experts consider that the technology, even if
eventually it can be demonstrated successfully, is very unlikely to become
commercially available for many decades.

Bioenergy

Not all fuel sources are, of course, of fossil or nuclear origin. From
prehistoric times, human beings have harnessed the power of fire by burning
wood to create warmth and light and to cook food.

Wood is created by photosynthesis in the leaves of plants. Photosynthesis
isa process powered by solar energy in which atmospheric carbon dioxide
and water are converted into carbohydrates (compounds of carbon, oxygen
and hydrogen) in the plant’s leaves and stems. These, in the form of wood
or other *biomass’, can be used as fuels — called biofuels, which are sources
of bioenergy .
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Wood is still very widely used as a fuel in many parts of the ‘developing’
world. In some countries, other biofuels such as animal dung (ultimately
also derived from the growth of plants) are also used. As described in Box
1.1, such traditional biofuels are estimated to supply some 11% of world
primary energy, though the data are somewhat uncert ain.

If the forests that provide wood fuel are re-planted at the same rate as they
are cut down, then such fuel use should in principle be sustainable. When
forests are managed sustainably in this way, the CO, absorbed in growing
replacement trees should equal the CO, given off when the original trees
are burned. However, this is only true when complete combustion of the
wood occurs and all the carbon in the wood is released as carbon dioxide.
Although near-complete combustion can be achieved in the best available
wood stoves and furnaces, most open fires and stoves are not so efficient.
This means that not only is carbon dioxide released (albeit in somewhat
smaller quantities if the combustion is incomplete) but other combustion
products are also emitted, some of which are more powerful greenhouse
gases than CO,. In particular, these can include methane, which on a
molecule-for-molecule basis has 20 times the global warming potential of
CO, over a 20 year period. The incomplete combustion of wood can therefore
release a mixture of greenhouse gases with a greater overall global warming
effect than can be offset by the CO, absorbed in growing replacement trees.
This suggests an urgent need to improve the efficiency of traditional wood
burning processes (Smith et al., 2000). However it should be stressed that
the overall global effect of greenhouse gas emissions arising from incomplete
biomass combustion in developing countries is probably much less than
that of emissions from burning fossil fuels, which occurs mostly in the
‘developed’ countries.

A further problem is that in many ‘developing’ countries wood fuel is being
used at a rate that exceeds its re-growth, which is not only unsustainable

S e ]
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Figure 1.23 The 10 MW ‘Arbre’ plant at Eggbarough, Yorkshire, Britain's first wood-
fired power station. Commissioning has been delayed by financial and technical problems
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but also results in villagers having to travel ever-
increasing distances, often involving great
hardship, to gather sufficient firewood for their
daily needs. Also, when it has been gathered,
firewood is often burned very inefficiently in open
fires — as was the case in Britain and many other
‘developed’ countries until quite recently. This not
anly results in excess greenhouse gas emissions,
as we have seen, but also gives much less effective
warmth than if an efficient stove were used.
Moreover, it usually results in high levels of smoke
pollution, with very detrimental health effects.

Not all bioenergy use is in the form of traditional
biofuels. As noted in Box 1.1, a significant
contribution to world supplies now comes from so-
called ‘modern’ bioenergy power plants. These
feature the clean, high-efficiency combustion of
straw, forestry wastes or wood chips from trees
grown in special plantations. The heat produced
is either used directly or for electricity generation,
or sometimes for both purposes.

Municipal wastes, a large proportion of which are
biological in origin, are also widely used for heat

21
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or electricity production. However, there is Figure |.24 A substantial proportion of vehicles in Brazil
considerable controversy over whether or not are fuelled by alcohol derived from sugar cane

gnergy from waste should be regarded as
‘sustainable’. Waste-to-energy plants have been
opposed by some environmental groups on the grounds that, in order to be
gconomically viable, they need to be fed with a steady stream of waste
over many years, which discourages better solutions to the waste problem,
such as material re-use or recycling. There are further concerns over possible
emissions of dioxins, which are carcinogenic, from the combustion of
chlorine compounds present in municipal waste.

Another modern source of bioenergy is alcohol (ethanol) produced by
fermenting sugar cane or maize, which is quite widely used in vehicles in
Brazil and some states of the USA. The alcohol is often blended with
conventional petroleum to form a mixture known as ‘Gasohol’.

Hydroelectricity

Another energy source that has been harnessed by humanity for many
centuries is the power of flowing water, which has been used for milling
gorn, pumping and driving machinery. During the twentieth century, its
main use has been in the generation of hydro-electricity, and hydropower
has grown to become one of the world’s principal electricity sources. It
currently provides some 2.3% of world primary energy. However, the
relative contribution of hydroelectric power (and of other electricity-
producing renewables) is under-stated by a factor of about three in most
national and international compilations of energy statistics. This is due to
aconvention whereby the heat produced by thermal power stations (both
fossil and nuclear-fuelled) is included as part of their primary energy
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Figure 1.25 The large hydro-electric power plant at Glen Canyon Dam, Lake Powell,
Arizona, which has an electrical generating capacity of 1300 MW. Lake Powell was
formed with the construction of the Glen Canyon Dam in 1963, on the Colorado River
in Page, Arizona. It is the second largest man-made lake in the United States and is |87
miles long

contribution, even though that heat is normally wasted. (A more detailed
explanation of such conventions is given in Chapter 2.) The annual
electricity outputs of the world’s hydro and nuclear power plants are
actually about the same, but due to this statistical convention the primary
energy contribution of nuclear is calculated to be about 7% whereas that
of hydro is only about one-third of this. Hydro power in 2000 contributed

over 17% of world electricity.

The original source of hydroelectric power is solar energy, which warms
the world's oceans, causing water to evaporate from them.

In the atmosphere, this forms clouds of moisture which eventually falls
back to earth in the form of rain (or snow). The rain flows down through
mountains into streams and rivers, where its flow can be harnessed using
water wheels or turbines to generate power.

When harnessed on a small scale, hydropower creates few, if any, adverse
environmental impacts.

However, many modern hydro installations have been built on a very large
scale, involving the creation of massive dams and the flooding of extremely
large areas. This often entails the re-location of many thousands of
indigenous residents who are usually, to say the least, reluctant to move
from their homes. Other impacts include adverse effects on fish and other
wildlife, reductions in water-borne nutrients used in agriculture
downstream, increases in water-borne diseases — and not least, the rare but
catastrophic effects of dam failures. A further problem with large dams is
that in certain circumstances trees and other vegetation trapped below water
when a reservoir is flooded can decay ‘anaerobically’ (i.e. in the absence of
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oxygen). This produces methane which, as we have se€n, is a more powerful
greenhouse gas than the CO, that would have been produced if the tree
had decayed normally in the presence of oxygen from the atmosphere.

However, the current consensus is that greenhouse gas emissions from
hydropower generation are likely to be at least an order of magnitude lower
than those from fossil fuel generated electricity (United Nations, 2000).

Summary

This section has described how fossil fuels provide the majority of the
world’s energy requirements, with bicenergy, nuclear energy and
hydropower also making major contributions, The other ‘renewable’ energy
sources currently supply only a small fraction of world demand, although
the contribution of these ‘renewables’ seems likely to grow rapidly in
eoming decades, as we shall see in the following section.

|4 Renewable energy sources

Fossil and nuclear fuels are often termed non-renewable energy sources.
This is because, although the quantities in which they are available may
be extremely large, they are nevertheless finite and so will in principle
‘run out’ at some time in the future.

By contrast, hydropower and bioenergy (from biofuels grown sustainably)
are two examples of renewahle ENergy sources — that is, sources that are
continuously replenished by natural processes. Renewable BNErgy Sources
are essentially flows of energy, whereas the fossil and nuclear fuels are, in
essence, stocks of energy.

World-wide, there has been a rapid rise in the development and deployment
ofrenewable energy sources during the past few decades, not only because,
unlike fossil or nuclear fuels, there is no danger of their ‘running out’, but
also because their use normally entails no (or few) greenhouse gas emissions
and therefore does not contribute to global climate change.

The companion volume, Renewable Energy, describes in more detail the
renewable energy sources, which range from solar power in its various
forms, through bioenergy and hydropower to wind, wave, tidal and
geothermal energy. (Figure 1.26)

The general nature and scope of the various ‘renewables’ can be briefly
summarized as follows, beginning with the most important renewable
source, solar energy.

Solar energy

Solar energy, it should firstly be stressed, makes an enormous but largely
unrecorded contribution to our energy needs. It is the sun’s radiant energy,
as noted in Box 1.2, that maintains the Earth’s surface at a temperature
warm enough to support human life. But despite this enormous input of
energy to our civilization, the sun is virtually ignored in national and
international energy statistics, which are almost entirely concerned with
consumption of commercial fuels,

13
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Figure 1.26 The various forms of renewable energy depend primarily on incoming solar radiation, which totals some 5.4
million Exajoules (EJ) per year. Of this, approximately 30% is reflected back into space. The remaining 70% is in principle
available for use on Earth, as shown, and amounts to approximately 3.8 million EJ. This is some |0 000 times the current rate of

consumption of fossil and nuclear fuels, which in 2000 amounted to some 360 EJ. Two other, non-solar, renewable energy
sources are shown in the figure. These are the motion of the ocean tides, caused principally by the moon's gravitational pull
{with a small contribution from the sun'’s gravity); and geothermal heat from the earth's interior, which manifests itself in
convection in volcanoes and hot springs, and in conduction in rocks

The sun has a surface temperature of 6000 °C, maintained by continuous
nuclear fusion reactions between hydrogen atoms within its interior. These
nuclear reactions will gradually convert all of the hydrogen into heavier
alements, but this is a relatively slow process and the sun should continue

to supply power for another 5 billion years.

The sun radiates huge quantities of energy into the surrounding space, and
the tiny fraction intercepted by the Earth’s atmosphere, 150 million km
away, is nonetheless equivalent to about 15 000 times humanity’s present
rate of use of fossil and nuclear fuels. Even though approximately one-
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lar energy, when it enters our buildings, warms and illuminates them to

ignificant extent. When buildings are specifically designed to take full

vantage of the sun’s radiation, their needs for additional heating and for
cial lighting can be further reduced.

lar power can also be harnessed by using solar collectors to produce hat
ter for washing or space heating in buildings.
1 collectors are in widespread use in sunny countries such as Israel

id Greece, but are also quite widely used in less sunny places such as
stria. Even in cloudy Britain there are more than 40000 roof-top solar

heating systems.
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Figure |.28 The roof of this solar house in Oxford (view from garden,
left; cutaway view, above) has a grid-linked 4 kW array of photoveltaic
panels. These generate enough electricity to supply its annual requirements,
plus a surplus which is used to provide part of the power to run a small
electric car. The roof also incorporates a 5 m? array of solar water heating
panels which provide three-quarters of the house's hot water requirements.
The house is well-insulated and includes a conservatory that contributes
‘passive’ solar energy to space heating in Spring and Autumn, supplemented
by a natural gas boiler and a small wood-burning stove used on very cold days
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Figure 1.29 The largest 'solar thermal-electric’ installation of its
kind in the world, the Luz project in California’s Mojave Desert, has a
peak output of some 350 megawatts and occupies several square
kilometres of land

In regions such as Southern California, where solar radiation levels are
mare than twice those of the UK and skies are clearer, the sun's rays are
strong enough to make it practicable to generate high-temperature steam
using arrays of concentrating mirrors. The steam can then be used to power
a turbine that drives a generator to produce electricity (Figure 1.29).

Harnessing solar energy to provide electricity directly involves the use of a
different and more sophist icated technology called solar photovoltaics (PV).
Photovoltaic ‘modules’ are made of specially-prepared layers of semi-
conducting materials (usually silicon) that generate electricity when
photons of sunlight fall upon them. Arrays of PV modules are normally
mounted on the roofs or facades of buildings, pmviding some or all of their
electricity needs. (Figures 1.28 and 1.30)

Photovoltaic technology is growing very rapidly and several countries have
initiated major development and demonstration programmes. Germany,
for example, plans to install 100000 PV roofs and building facades by the
end of 2003.

Photovoltaics may well make a significant contribution to world needs in
goming decades, but at present its share of world consumption is extramely
small. This is mainly due to the very high cost of PV modules, which are
currently produced in relatively small quantities. Studies have shown that
ifthe annual output of the manufacturing plants that produce PV modules
were increased by a factor of about 20, the cost of PV-generated electricity
could be reduced to a point at which it would be competitive with electricity
from conventional sources in many industrialized countries.
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Figure 1.30 This 3500 m?® solar office building at the Doxford International Business
Park near Sunderland in the UK incorporates é46 m? of photovoltaic modules. These
have a peak power output of 73 kW and generate some 55 000 kWh of electricity per
year. The bullding is well insulated and uses passive solar design to maximise the use of
natural daylight and to minimise space heating and air conditioning needs. It is also
designed for natural ventilation and night-time cocling

Indirect use of solar energy

The above examples illustrate the direct harnessing of the sun's radiant
energy to produce heat and electricity. But the sun’s energy can also be
harnessed via other forms of energy that are indirect manifestations of its
power. Principally, these are bioenergy and hydropower, already discussed
in Section 1.3 above, together with wind energy and wave power.

Wind energy

When solar radiation enters the earth’s atmosphere, because of the curvature
of the earth it warms different regions of the atmosphere to differing extents
— most at the equator and least at the poles. Since air tends to flow from
warmer to cooler regions, this causes what we call winds, and it is these
air flows that are harnessed in windmills and wind turbines to produce
power.

Wind power, in the form of traditional windmills used for grinding corn or
pumping water, has been in use for centuries. But in the second half of the
twentieth century, and particularly in the past few decades, the use of
modern wind turbines for electricity generation has been growing very
rapidly. Installed wind generating capacity has doubled every two and a
half years since 1991, and at the end of 2001 the world total was over
23 000 MW. (Windpower Monthly, 2002) Denmark derives more than 15%
of its electricity from wind, and in other countries such as Germany, Spain
and the United States of America turbines have in recent years been installed
at a rate of rate of more than a thousand megawatts per year.
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Figure 1.31 This wind farm, at Carno in mid-Wales, is one of the largest in Europe.
It incorporates 56 wind turbines, each with a rotor diameter of 44 metres and a tower
height of 31.5 metres. The total installed capacity is 33.6 MW, sufficient to provide
power for some 25 000 homes

At present, most of these turbines have been installed on land. But several
gountries have ambitious plans to install thousands of wind turbines
offshore. Denmark, for example, has three offshore wind farms and plans
many more, as part of its aim of deriving 30% of its electricity from wind
by 2020~ though these plans are subject to future political approval.

Figure 1.32 The Middelgrunden wind farm, completed in 2001, is located in the sea just
off Copenhagen harbour in Denmark, It includes 20 two megawatt wind turbines, which
provide 3% of the electricity consumption of the Copenhagen municipality
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The UK, too, has ambitious offshore wind power
proposals. Britain's first two offshore wind turbines
were installed off Blyth harbour in Northumberland
in 2000, and sites have been identified for 13 offshore
wind farms that could be built in the coming decade.
These would have a total installed capacity of 1600 MW.

Wave power

When winds blow over the world’s oceans, they cause
waves. The power in such waves, as they gradually
build up over very long distances, can be very great -
as anyone watching or feeling that power eventually
being dissipated on a beach will know.

L
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Figure 1.33 Britain’s first offshore wind turbines, ; requ_ir'ed to locate sufficient
located | km away from the coast at Blyth harbour, E‘}Eb'_!'.'fs to supply Lux of
MNorthumbertand. The twin 2 MW turbines were b Jelecoricity needs

installed in 2000 by a consortium including AMEC,
Border Wind, Shell Renewables and the Dutch
electricity utility Muaon
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Figure .34 Proposed locations of Britain's first 13 offshere wind farms. Also shown is
the area of the North Sea that would be needed for offshore wind farms to produce 10%
of the UK's current annual electricity demand
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Various technologies for harnessing the
power of waves have been developed over
the past few decades, of which the
‘oscillating water column’ (OWC) is perhaps
the most widely used. In an OWC, the rise
and fall of the waves inside an enclosed
ghamber alternately blows and sucks air
through a special kind of air turbine, which
is coupled to a generator to produce

cause
electricity.
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Wave energy technology is not as fully
developed as wind power or photovoltaics,
but its potential has recently been re-
smphasized by several governments,
including that of the UK. Rapid advances in
developing and demonstrating the
technology can be expected over the coming -
decade. Figure 1.35 The 500 kW ‘Limper’ wave energy plant installed in
2001 on the Scottish island of Islay

™

All of the renewable energy sources
described above - solar, bioenergy,
hydropower, wind and wave — are, as we have seen, either direct or indirect
forms of solar energy. However there are two other renewable sources, tidal
and geothermal energy, that do not depend on solar radiation.

ved

Non-solar renewables

Tidal energy

The energy that causes the slow but regular rise and fall of the tides around
our coastlines is not the same as that which creates waves. It is caused
principally by the gravitational pull of the moon on the world’s oceans.
The sun also plays a minor role, not through its radiant energy but in the
farm of its gravitational pull, which exerts small additional effect on tidal

rhythms,

The principal technology for harnessing tidal energy essentially involves
building a low dam, or barrage, across the estuary of a suitable river. The
barrage has inlets that allow the rising sea levels to build up behind it.
When the tide has reached maximum height, the inlets are closed and the
impounded water is allowed to flow back to the seain a controlled manner,
via a turbine-generator system similar to that used in hydroelectric schemes.

g 12

A

The world’s largest tidal energy scheme is at La Rance in France, which
has a capacity of 240 MW (Figure 1.36).

There are a few other, smaller, tidal plants in various countries, including
Canada. Russia and China. The United Kingdom has one of the world’s
best potential sites for a tidal energy scheme, in the Severn Estuary. If built,
its capacity would be around 8600 MW, much larger than any other single
power plant, and it could provide about 6% of current UK electricity
demand. But the scheme has not vet been implemented, mainly due to its
very high capital cost and concerns about the effects on wildlife in the
Severn estuary.

1is
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Figure 1.37 Artist's impression of an array of undersea tidal current turbines. The twin-
rotor turbines can be raised to the surface to avold the need for underwater maintenance
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Another, newer tidal energy technology involves the use of underwater
turbines (rather like submerged wind turbines) to harness the strong tidal
and oceanic currents that flow in certain coastal regions. A 10 kW prototype
tidal current turbine was tested at Loch Linne, in Scotland, in 1994, and a
larger, 300 kW prototype was tested off the Devon coast in 2002.

The technology is still under development, but its prospects are promising,

Geothermal energy

Geothermal energy is another renewable source that is not derived from
solar radiation. As the name implies, its source is the earth's internal heat,
which originates mainly from the decay of long-lived radioactive elements.

The most useful geothermal resources occur where underground bodies of

water called aquifers can collect this heat, especially in those areas where
volcanic or tectonic activity brings the heat close to the surface. The resulting
hot water, or in some cases steam, is used for electricity generation where
possible, for example in Italy, New Zealand and the Philippines, and for
direct heating use in more than 60 other countries. Geothermal energy is
already making a minor but locally useful contribution to world energy
supplies.

Figure 1.38 One of the geothermal power plants at Larderello, ltaly, used to provide
electricity and hat water

If geothermal heat is extracted in a particular location at a rate that does
not exceed the rate at which it is being replenished from deep within the
garth, it is a renewable energy source, But in many cases this is not so: the
geothermal heat is in effect being ‘mined’ and will ‘run out’ locally in
perhaps a few years or decades.

33
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Sustainability of renewable energy sources

Renewable energy sources are generally sustainable in the sense that they
cannot ‘run out’ — although, as noted above, both biomass and geothermal
energy need wise management if they are to be used sustainably. For all of
the other renewables, almost any realistic rate of exploitation by humans
would be unlikely to approach their rate of replenishment by nature, though
of course the use of all renewables is subject to various practical constraints,

Renewable energies are also relatively ‘sustainable’ in the additional sense
that their environmental and social impacts are generally more benign than
those of fossil or nuclear fuels. However, the deployment of renewables in
some cases entails significant environmental and social impacts. Renewablg
energy sources are generally much less concentrated than fossil or nuclear
fuels, so large areas of land (or building surfaces) are often required if
substantial quantities of energy are to be collected. This can lead to @
significant visual impact, as in the case of wind turbines,

Also, the monetary costs of many renewable sources are at presenf
considerably higher than those of conventional fuels. Until this imbalance
is reduced, either by reducing the costs of renewables or through increase
in the costs of conventional sources, renewables may be unable to succesd
in capturing a substantial fraction of the world market.

Renewables may seem attractive in many ways, but how large a contribution
might they make to world energy needs in the future? This is an impaortanf
question to which we shall return, initially in the final section of thi
introductory overview, and in more detail in the companion volum
Renewable Energy.

|.5 Energy services and efficiency
improvement

Energy services

Except in the form of food, no one needs or wants energy as such. That i
to say, no one wants to eat coal or uranium, drink oil, breathe natural g
or be directly connected to an electricity supply. What people want is energ
services — those services that energy uniquely can provide. Principally
these are: heat, for warming rooms, for washing and for processing materis
lighting, both interior and exterior; motive power, for a myriad of uss
from pumping fluids to lifting elevators to driving vehicles; and power
electronic communications and computing.

When Thomas Edison set up the world’s first electric power station i
New York in 1882, it was not electricity he sold, but light. He provided the
electricity and light bulbs, and charged his customers for the service dl
illumination. This meant he had a strong incentive lo generate and distribulg
electricity as efficiently as possible, and to install light bulbs that weres
efficient and long-lasting as possible.

Unfortunately, the early Edison approach did not survive, and the regulatorg
regime under which most utilities operate today simply rewards them fa
selling as much energy as possible, irrespective of the efficiency with whid
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m 1.39 Dynameo Room of Edison's Electric Lighting Station, Pearl Street, New York,
leg2

it is used or the longevity of the appliances using it. In a few countries,
however, governments have changed the way energy utilities are regulated
by setting up mechanisms to reward them for providing energy services
rather than mere energy. In this case, customers benefit by having lower
overall costs, the utility makes as much profit as before, and the environment
benefits through reduced energy wastage and the emission of fewer
pollutants.

Linking supply and demand

But apart from these relatively few enlightened examples, the efficiency
with which humanity currently uses its energy sources is generally

extremely low. At present, only about one-third of the energy content of

the fuel the world uses emerges as ‘useful’ energy, at the end of the long
supply chains we have established to connect our coal and uranium mines,
our oil and gas wells, with our energy-related needs for warmth, light,
motion, communication, etc,

DELIVERED
POWVER STATION EMERGY

various enerov transformations

= |

USEFUL
EMERGY

Figure 1.40 An example of one of the energy ‘chains’ linking primary energy with delivered energy and useful energy, via
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The remaining two-thirds usually disappears into the environment in
form of ‘waste’ heat. One of the reasons for our continuing inefficiencyl
energy use is that energy has been steadily reducing in price, in real te
over the past 100 years (see Figure 1.41).
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Figure 1.41 Average household rates for US electricity, 19002000, expressed in real
terms, i.e. taking into account the effects of inflation (source: Smil, 2000)

Energy's decreasing cost means that our society has only a relatively-w
financial incentive to use it more wisely.

The chains that link energy supplies with users’ demands are lengthy
complex, as Figure 1.40 illustrates. Each link in the chain inval
converting energy from one form or another, for example in the burning
coal to generate electricity; or distribuling energy via some kind
transmission link or network, such as a national electricity grid or
pipeline infrastructure, |

Energy efficiency improvements

Supply-side measures

On the supply side of our energy systems, there is a very large potentiall
improving the efficiency of electricity generation by introducing nd
technologies that are more efficient than older power plant. The efficient
of a power plant is the percentage of the energy content of the fuel inj
that is converted into electricity output over a given time period. Sincel
early days of electricity production, power plant efficiency has b
improving steadily.

The most advanced form of fossil-fuelled power plant now available isf
Combined Cycle Gas Turbine (CCGT). GC 'GTs are more than 50% efficie
compared with the older steam turbine power plant that is still
widespread use, where the efficiency is only about 30%, and thus i
thirds of the energy content of the input fuel is wasted in the form of he
usually dumped to the atmosphere via cooling towers,
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COGTs are more ‘climate friendly’ than older, coal-
fired steam turbine plant, not only because they are
more efficient but also because they burn natural
gas, which on combustion emits about 40% less CO,
than coal per unit of energy generated. Overall, taking
into account both the higher efficiency and natural
gas's lower CO, emissions, when compared with
traditional cual-iiimd plant CCGT-based power plants
release about half as much CO, per unit of electricity
produced. Most of the reductions that occurred in
Britain's CO, emissions during the 1990s were due
to the so-called ‘dash for gas' as a substitute for coal
in power generation.

In some countries, the ‘waste’ heat from power
stations is widely used in district heating schemes
to heat buildings. In 2000, some 72% of Denmark’s
electricity was produced in such ‘Combined Heat
and Power’ systems.

After fuels have been converted to electricity,
whether in CCGTs or steam turbine only plant,
further losses occur in the wires of the transmission
and distribution systems that convey the electricity
to customers. In the UK, these amount to around 8%.
Overall, this means that even when a modern, high-
efficiency COGT is the electricity generator, less than
half the energy in its input fuel emerges as electricity
at the customers’ sockets. In the case of older power
stations the figure is around one-quarter.

Clearly, there is room for further improvements in
the supply-side efficiency of our electricity systems,
by further increasing the efficiency of generating
plant and by ensuring the whatever ‘waste’ heat
remains is piped to where it can be used.

Coal, oil and gas, when they are used directly rather
than for electricity generation, are also subjected to
processing, refining and cleaning before being
distributed to customers. Some energy is also lost in
their distribution, for example in the fuel used by
road tankers or the electricity used to pump gas or
oil through pipelines. However, these losses are
much lower, typically less than 10% overall. This
means that over 90% of the energy content of coal,
oil and gas, if used directly, is available to customers
at the end of the processing and distribution chain.
The scope for further supply-side efficiency
improvements is obviously much more limited here
than in the case of electricity.

Figure 1.42 Diagram comparing the operation of a simple
psuaﬁntpwurphuh}mﬂmq!:mﬂndqﬂl
gas turbine plant (b). In the latter, the hot exhaust gases
from the gas turbine are used to raise steam to pawer a
steam turbine. The steam turbine and gas turbine are
coupled to a generator to produce electricity. In a
conventional, steam turbine-only power plant, the heat
required to produce the steam comes from a boiler. Steam
turbines and gas turbines are described in more detail in
Chapters 6 and 8. CCGTs are described in more detail in

Chapter 9
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Figure 1.43 This combined-cycle gas turbine power station at Deeside in the UK was
commissioned in 1994 and has an output of 500 MW

Figure 1.44 This coal fired power station at Didcot, Oxfordshire, UK, was
commissioned in 1972 and has a capacity of 2000 MW, Two-thirds of the energy content
of the fuel burned in such power stations is dissipated by the cooling towers to the
atmosphere in the form of steam
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Demand-side efficiency improvements

Let us now look briefly at what can done to improve the efficiency of energy
use at the demand side — that is, in our buildings, industries and vehicles,

proving the sustainability of energy use by applying demand-side
involves two distinct approaches, one technological, the other

_ ngic: wmvdmmmumgimpmvedenmmrmnvmian
distribution) technologies that require less input energy to achieve a
"1'_: 2l of useful energy output or energy service.

- The social approach involves re-arranging our lifestyles, individually and
Hectively, in minor or perhaps major ways, in order to ensure that the
energy required to perform a given service is reduced in comparison with
other ways of supplying that service.

For example, you may live in a densely populated town with shops, offices,
schools and other amenities scattered evenly around. You may be able to
do your shopping, go to work, and take the children to school without
using a car, simply by walking relatively short distances, Or you may find
it convenient to catch a bus, as bus services are usually more frequent and
efficient in higher-density settlements.

On the other hand, you may live in a town with a similar population, but
one that has been designed (as have many new towns) to have a low
population density (i.e. fewer residents per hectare of land), with shops
and offices concentrated in the town centre. In this case, you may well use
a car for many of your local journeys, consuming fossil fuels and generating
emissions of greenhouse gases and other pollutants. In both towns, the
residents receive exactly the same levels of service: shopping, working,
schooling etc. But in the high-density town the residents can use Energy
services more sustainably than in the low-density town — all other things

being equal.

In Government energy statistics, energy demand is usually broken down
into four main sectors:

The domestic sector

This obviously consists of individual households, within which the main
categories of energy use are for space heating, water heating, cooking,
lighting and other electrical appliances,

The commercial and institutional sector

(often termed the Services Sector). This sector consists of offices, shops,
schools, hospitals, banks etc. The energy requirements of this sector are
very similar to those of the domestic sector: space heating, water heating,
cooking, lights and appliances. Air condit ioning, however, is more prevalent
in this sector than in the domestic sector — at least in countries with
temperate climates, like the UK. In this sector, as in the Domestic sectar,
most of consumption is within buildings.

19
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Transport
19%

Domestic Services
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Figure 1.45 UK delivered
energy, 1970 and 2000, by
Sector, Between 1970 and 2000,
averall delivered energy use rose
by just under 10%. Transport
energy use rose by 96%, while
energy use in the domestic and
services sectors rose by 27% and
18% respectively, Industrial
consumption, by contrast, fell by
41% over the 30 year period.
(One petajoule, P), is one
thousand millisn million joules,
see Appendix.) (source:
Department of Trade and
Industry, 2001)
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The main technological measures that can be taken to conserve energy and
use it more efficiently within buildings include:

improved levels of insulation in walls, roofs and floors, to reduce heat
losses through these elements;

energy-efficient windows, designed to allow less heat to escape whilst
still admitting large amounts of sunlight;

draught-proofing and heat recovery systems to reduce heat lost through
ventilation whilst retaining sufficient fresh air within the building;

more efficient boilers that require a smaller fuel input to achieve a given
level of space or water heating, together with improved insulation of
pipes to reduce heat distribution losses:

energy-efficient lights that require much smaller amounts of power ta
provide a given level of illumination;

energy-efficient appliances, such as refrigerators, cookers, washing
machines, dishwashers, TV sets and hi-fi equipment in the domestig
sector; or more efficient computers, copiers and other business equipment
in the commercial and institutional sector. These consume less energy
while delivering the same level of service as their inefficient predecessors;
improved control systems, to ensure that energy-consuming equipment
is not switched on when not needed, and that power output levels match
the requirements of users.

Figures 1.46 Some energy-
efficient appliances. Compact
fluorescent light bulbs use one-
quarter of the electricity
consumed by their incandescent
counterparts. Mew energy-
efficient refrigerators can use less
than half the electricity of their
predecessors
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‘Figures 1.47 This supermarket in London is designed to use half the electricity of a
o al new food store of similar size

s |.48 This building at the University of East Anglia consumes less than half the
gy of a conventional air-conditioned building of comparable size and function

- The industrial sector

S This sector mainly covers manufact uring industry, service industries being
* tategorized under ‘Services'. Much of industrial energy use also occurs
Within buildings, and consists of requirements for space heating, water
heating, cooking, lights and appliances, as in the Domestic and Commercial
* &lnstitutional Sectors. But in addition, many industries, such as the steel
*industry, use substantial quantities of high temperature heat and large
pimounts of electricity to power various specialized processes. These
b demands in many cases exceed those of the buildings where the activities
S e housed and of the people within them.




