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1
Introduction

Energy is essential to our lives. Our bodies need energy to function
and to perform physical activities. And the technological age in which
we live needs a reliable energy supply for heating, lighting, commu-
nication, transport, food production, manufacturing goods, and so
on. Because of their importance, issues such as the supply and cost
of energy and the environmental impact make frequent appearances
on the daily news. In this introductory chapter we consider energy
consumption and the energy resources available to us. We consider
the general characteristics of energy sources and the transformation
of energy from one form to another to suit the end use. We also
consider the role of energy storage.

1.1 Energy consumption

We consume energy in maintaining our vital bodily functions, such as
the operation of the heart and lungs, the maintenance of body tem-
perature, brain function and digestion of the food we eat. Roughly
speaking, in maintaining these functions we consume energy at the
rate of ∼100 J/s; a power of ∼100 W. We also expend energy when
we do physical work. Suppose, for example, that we climb stairs
and rise at the rate of 0.5 m/s in vertical height. If our mass is
75 kg, our rate of doing work is 75 kg × 9.8 m/s2 × 0.5 m/s = 368 W.
The amount of physical activity that a person does depends on
their lifestyle. Suppose, however, that, averaged over the course of a
24-hour period, we consume energy at the average rate of 125 W in
maintaining our metabolic rate and performing physical work. This
amounts to ∼10 MJ of energy per day. This energy comes from the
chemical energy stored in the food that we eat; a tin of baked beans,
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Figure 1.1 Illustration of the
dramatic rise in annual
global energy consumption
that occurred between 1820
and 2010.

for comparison, contains ∼1.5 MJ of energy. We also need energy to
heat and light our houses, to run washing machines and refrigerators,
to travel to work, to use computers, to fly to a foreign country on hol-
iday, and so on. Furthermore, energy is needed to produce the food
we eat, to manufacture and transport the goods we buy, etc. Over-
all, the total energy consumption per person per day in the UK is
∼450 MJ. When we consider energy consumption, it is perhaps more
meaningful to use the kilowatt-hour (kWh) unit of energy. This is the
energy consumed by a 1 kW electric fire in 1 hour and the conversion
factor is 1 kWh = 3.6 MJ. So 450 MJ/day = 125 kWh/day, which is
the amount of power consumed by five 1 kW electric fires running
day and night. This figure of 125 kWh per person per day is typi-
cal for a European country. In the USA, the energy consumption per
person is about twice as high, while in underdeveloped countries it is
considerably lower. Averaged over all countries, energy consumption
is ∼60 kWh per person per day and this amounts to a total global
energy consumption of ∼5 × 1020 J/year.

Global consumption of energy continues to increase because of
advances in technology, growth in world population and economic
growth, factors that are interrelated. Figure 1.1 illustrates the dra-
matic increase in annual global consumption of energy that occurred
between 1820 and 2010. As an example of a technological advance,
James Watt patented his steam engine in 1769 and this enabled
the Earth’s deposits of fossil fuels such as coal to be unlocked. This
signalled a sharp increase in energy consumption, and once industri-
alisation occurred, the rate of consumption increased dramatically;
over the course of the 20th century, global use of energy increased
more than 10-fold. The world’s population has also increased dra-
matically over the last few hundred years, rising from 1 billion in 1800
to 7.4 billion in 2016. Indeed the curves for global energy consump-
tion and global population follow each other quite closely. Presently,
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global population is increasing at a rate of just over 1% per year. The
rate of economic growth is different for different countries. However,
averaged over all countries, economic growth also increases at about
1% per year. Taking the various factors into account, it is predicted
that the growth in global energy consumption over the next 30 years
will be ∼2% per year.

A complementary aspect of energy consumption is the efficiency
with which energy is used. No source of energy is cheap or occurs
without some form of environmental disruption, and it is important
that energy is used as efficiently as possible. One particular advance
can be seen in the use of electric light bulbs. It is estimated that
lighting consumes about 20% of the world’s electricity. Traditional
incandescent light bulbs with a wire filament are only about 5%
efficient, while new types of lighting are much more efficient. LED
lighting, for example is about 20% efficient.

1.2 Energy sources

The main sources of energy available to us are:

� fossil fuels
� solar energy
� biofuels
� wind energy
� nuclear energy
� waves and tidal energy
� hydroelectric energy
� geothermal energy.

Most of the energy available to us comes directly or indirectly from
the Sun. The Sun gets its energy from nuclear fusion reactions that
heat its core to a temperature of ∼107 K. Energy is transported
to the Sun’s surface and maintains the surface at a temperature of
∼6000 K. The hot surface acts as a blackbody radiator emitting
electromagnetic radiation and it is this radiation or sunlight that
delivers solar energy to the Earth. The total solar power that falls
on the Earth is enormous, ∼1.7 × 1017 W, which is about 25 MW
for every person in the world.

Sunlight provides us with energy in various ways. Photosynthesis
is the process by which plants and other organisms use sunlight
to transform water, carbon dioxide, and minerals into oxygen and
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organic compounds. Fossil fuels that we burn, including oil, coal
and natural gas, were formed over millions of years by the action
of heat and pressure on the fossils of dead plants. Bioenergy comes
from biofuels that are produced directly or indirectly from organic
matter, including plant material and animal waste; an example is
rapeseed oil, which produces oil for fuel. Wood also fits into this
category and, indeed, burning wood is by far the oldest source of
energy used by humankind. Hydroelectric power, wind power and
wave power can also be traced back to the Sun. Solar energy heats
water on the Earth’s surface, causing it to evaporate. The water
vapour condenses into clouds and falls as precipitation. This fills the
reservoirs of hydroelectric plants, and the potential energy of the
stored water provides a supply of energy. The Sun’s warming of
the Earth’s surface produces winds that circulate the globe and
which can be used to drive wind turbines. The winds also produce
ocean waves whose kinetic energy can be harvested. More directly,
solar energy can be captured by solar water heaters or alternatively
by photovoltaic devices, which convert sunlight into electrical energy
directly. The Sun even plays a role in the formation of the tides,
which result from the motions of the Moon, Sun and Earth. The ris-
ing and falling tides contain potential and kinetic energies that can
be harvested.

We also get energy from human-induced nuclear reactions. So far,
nuclear power has exploited fission reactions of heavy, radioactive
elements such as uranium. However, as we will see, nuclear fusion of
light elements such as deuterium and tritium has great potential as
an energy source of the future. Finally, the Earth itself is a source
of energy called geothermal energy. This is stored as thermal energy
beneath the Earth’s surface. It results from the processes involved
in the formation of the Earth and from the decay of radioactive
elements within its crust and appears, for example, as hot water
springs in various regions of the world.

The annual consumption of energy with respect to energy source
varies from country to country and from year to year. However, to get
an impression of energy consumption by energy source, Figure 1.2
shows the data for the USA in 2014. We see that 81% of energy con-
sumption came from fossil fuels, while nuclear energy and renewable
sources provided the remainder.

The energy sources listed above are called primary energy sources.
Electricity, on the other hand, is described as a secondary energy
source, as it derives from the conversion of energy from a primary
source. Electricity has significant advantages as an energy carrier.
It can be conveniently transported and distributed via a national
grid, and for many energy needs it is easier to use than the primary
energy source itself. The other important secondary energy source is
hydrogen gas, which can be burnt or used in fuel cells.
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Figure 1.2 Annual energy
consumption for the USA in
2014, by energy source – 81%
of energy consumption came
from fossil fuels, while
nuclear energy and renewable
sources provided the
remainder.

1.3 Renewable and non-renewable energy sources

Energy sources can be classified as either renewable or non-
renewable. We define a renewable source as one in which the energy
comes from a natural and persistent flow of energy that occurs in the
environment. Hydroelectric energy, solar energy, wind energy, wave
energy, tidal energy and geothermal energy are renewable sources
and so is bioenergy, so long as the trees and crops are replaced. Non-
renewable sources are finite stores of energy, such as coal and oil,
and nuclear fuels such as uranium. These non-renewable sources are
not sustainable in the longer term. The distinction between renew-
able and non-renewable energy sources is illustrated in Figure 1.3.
Closely associated with renewable energy sources is sustainability.

Solar energy: a 
flow ofcontinuing

energy – a renewable
energy source

Oil well: a finite, non-
sourceenergyrenewable Figure 1.3 Illustration of the

distinction between
renewable and non-renewable
energy sources, using the
examples of solar energy and
energy from the fossil fuel oil.
Solar energy flows
continuously from the Sun,
while reserves of oil are finite.
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Sustainable development can be broadly defined as living, produc-
ing and consuming in a manner that meets the needs of the present
without compromising the ability of future generations to meet their
needs. Renewable sources are much more compatible with sustain-
able development than non-renewable sources.

Fossil fuels, although non-renewable, have the advantage that
their energy densities are high, i.e. they yield a large amount of
energy per unit mass or per unit volume. For example, a litre of oil
contains 35 MJ of energy. Moreover, the output of a power plant
using fossil fuels is controllable. However, the burning of fossil fuels
produces substantial amounts of pollution and increases the con-
centration of CO2 in the atmosphere, which enhances the green-
house effect. Nuclear fuels have an even higher energy density. In
fact, their energy density is ∼106 times greater than that of a fossil
fuel and, again, the output of a nuclear reactor can be controlled.
But, of course, nuclear power presents its own challenges, including
the long-term storage of spent nuclear fuel. In general, renewable
energy sources produce less atmospheric pollution than fossil fuels
and do not emit CO2 gas directly, the exception being the burn-
ing of biofuels. Furthermore, because they extract their energy from
natural flows of energy that are already compatible with the envi-
ronment, they produce minimum thermal pollution. They may also
offer the possibility of a country becoming self-sufficient in energy. A
disadvantage of some renewable sources is that they produce energy
intermittently; solar cells need the Sun and wind turbines need the
wind. Hence, the energy they deliver cannot be controlled in the
same way as, say, a nuclear power station. However, this disadvan-
tage is mitigated by the use of energy storage. Renewable energy
is also usually more expensive than that obtained from fossil fuels,
and renewable energy plants may have a significant impact on the
local environment. For example, a hydroelectric plant can greatly
affect the local ecology and may also cause the displacement of local
inhabitants. At present, renewable sources contribute a much smaller
fraction of global energy than do fossil fuels, although this fraction is
expected to increase significantly in the future; presently, for exam-
ple, renewable energy accounts for roughly a fifth of global electricity
production.

1.4 The form and conversion of energy

According to the kind of energy they deliver, we can broadly
divide sources into the following categories: thermal energy sources,
mechanical energy sources and photovoltaic sources.
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1.4.1 Thermal energy sources

Fossil fuels are a store of chemical energy that is a form of potential
energy associated with the chemical bonds of the molecules of the
fuel. Burning the fuel breaks these bonds and releases energy, mostly
in the form of thermal energy. Nuclear fission reactions release poten-
tial energy that is stored in the nuclei that undergo fission and this
energy becomes converted into thermal energy in the core of the reac-
tor. In both cases, the thermal energy is converted into mechanical
energy by a steam turbine, which is a type of heat engine. A funda-
mental aspect of the conversion of thermal energy into mechanical
energy is that it is governed by the laws of thermodynamics, and
these limit the efficiency of the conversion process, as we shall see in
Chapter 4. For example, the efficiency of a conventional, coal-fired
power plant for converting thermal energy into mechanical energy
may be ∼35%. Alternatively, thermal energy can be used to heat
buildings directly, thus avoiding thermodynamic limitations. Here,
the thermal energy is transported as steam through large-diameter
insulated pipes, and such district heating is common in some
countries.

1.4.2 Mechanical energy sources

These sources deliver mechanical energy directly, as in the case of a
wind turbine. The wind causes the blades of a turbine to rotate and
the rotation of the turbine shaft delivers mechanical energy directly.
Hence, the thermodynamic limitations of thermal to mechanical
energy conversion are avoided. Nevertheless, methods of extracting
mechanical energy from a particular source also have inherent limi-
tations to their efficiency. In the case of a wind turbine, we will see
that the maximum efficiency of a turbine for extracting energy from
the wind is 59%.

1.4.3 Photovoltaic sources

Photovoltaic solar cells have the advantage that they convert sunlight
into electrical energy directly so again the thermodynamic limita-
tions of thermal to mechanical energy conversion are avoided. How-
ever, as we shall see, there are a number of factors that limit the
efficiency of solar cells. In practice, the efficiency of a commercial
solar cell for converting solar energy into electrical energy is ∼20%.

The efficiency with which a particular source of energy can be
transformed from one form to another is described as the quality of
the source. Waste hot water from a manufacturing process at 60◦C
would be described as low quality. This is because at this relatively
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low temperature the efficiency of a heat engine to convert the thermal
energy of the water into mechanical energy is very low, less than 12%.
On the other hand, electricity has high quality. For example, it can
be converted into mechanical energy by an electric motor with very
high efficiency, ∼95%.

1.4.4 Energy storage

Energy has to be provided when it is needed. Some energy sources,
such as nuclear power stations and hydroelectric plants can provide
a continuous supply of energy. On the other hand, sources such as
wind turbines and solar cells produce energy intermittently; these
sources may not generate enough energy when it is needed or, alter-
natively, they may generate excess energy. Energy storage systems
allow the excess energy to be stored and used at a later time. And
with increasing use of intermittent renewable sources, energy storage
is becoming increasingly important. It is also the case that demand
for energy varies substantially throughout the seasons and through-
out the day; it tends to peak in the morning and afternoon, and fall
to a minimum during the night. Power stations should ideally be
operated at a fairly constant output level and close to where they
operate most efficiently. But it does not make economic sense, and
is a waste of energy, to have a power supply system whose capacity
exceeds peak demand. Stored energy can supply the extra energy
when required. So energy storage is able to even out variations in
both supply and demand.

The chapters that follow deal with nuclear power, solar power, wind
power and water power. Chapter 2 deals with the properties of the
atomic nucleus, nuclear forces and radioactivity, and forms a foun-
dation for the understanding of nuclear fission and nuclear fusion.
These are dealt with in Chapter 3, which describes how we get energy
from the nucleus, by both the fission of heavy nuclei and the fusion
of light nuclei. Chapter 4 describes the origin and characteristics
of solar radiation, its interaction with the Earth and how thermal
energy can be harvested from sunlight. We also discuss the conver-
sion of thermal energy into mechanical energy. Chapter 5 is devoted
to semiconductor solar cells and their underlying principles of oper-
ation including the action of the p–n junction. Chapter 6 deals with
the harnessing of wind power by wind turbines. Chapter 7 describes
water power and the various ways in which the energy is harvested,
including hydroelectric, wave and tidal power. Finally, Chapter 8
describes various ways in which energy can be stored for future use.
Fossil fuels are not dealt with explicitly. However, fossil fuels are used
to produce thermal energy that, in turn, produces steam to drive a
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turbine. In this respect they have much in common with, for exam-
ple, nuclear power, where again the energy is first converted into
thermal energy to drive steam turbines, and similar thermodynamic
principles apply.

Problems 1

1.1 Show that 1 kWh = 3.6MJ.
1.2 Estimate the amount of energy (in kWh) that is used for lighting in

an average house in a year.
1.3 (a) Estimate the amount of energy in kWh/passenger for a round

trip between London and New York, which are separated by a flying
distance of 5600 km. Assume that the plane uses 12 L/km and that
the plane has 400 passengers on board and that the fuel has an energy
density of 36 MJ/L. (b) Compare this value with the amount of energy
required to commute by car 5 days a week for 48 weeks. Take the
distance travelled each day to be 30 km, the fuel consumption to be
15 km/L, the energy density of the fuel to also be 36 MJ/L and assume
that there are no passengers in the car.

1.4 A particular chocolate bar contains 230 food calories. Through what
vertical distance could this amount of energy, in principle, lift a
1 tonne motor car? Note that 1 food calorie = 1 kcal = 4.2 kJ.
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