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ENERGY IN SCIENCE

AND SOCIETY

Net Zero

In 2019 the UK Government set a legally binding target of the year 2050 for
the country’s greenhouse gas emissions to reach net zero (meaning the new
emissions put into the atmosphere don’t exceed the rate they are removed).
It makes up a part of the global initiative towards sustainability - three of
the United Nation’s sustainable development goals are tied to this effort — an
emphasis on climate action, developing sustainable cities and communities,
and sourcing affordable and clean energy.

To understand how the UK (and the world) intends to meet these targets,

Many people are we need to look at the way we heat our homes and businesses, the way we
concernedabout transport people and goods, and the way our electricity is produced. Each of
preserving the planet’s . . K .

environment. these areas is united by a key scientific concept - the concept of energu.

Energy and the energy sector

As we go about our modern daily lives, we need at least some amount of
energy to be transferred. Whether it’s boiling water for a cup of tea, or keeping
a nice warm home, or making sure our phone batteries are fully charged, we
are transferring energy. People often say we’re “using” enerqgy, or that we
need to “save” energy' but really we only ever transfer energy from one store
to another. Energy is always conserved. The headache for us humans is that
some stores are more useful than others.

Take cars — most cars on UK roads have engines that burn petrol. Petrol is

Car engines that use combined with oxygen inside the engine and the release of hot gases (mostly
fossil fuels release water and carbon dioxide) forces pistons to move and that motion is carried
carbon dioxide into the L . Lo .
atmosphere. to the car’s wheels. There’s also friction involved - friction from the air and the

road that acts against the car when it’s travelling, and friction from the brakes
slowing the car down and bringing it to a stop (and at the same time heating
up the car and the surroundings).

In terms of energy - you can compare the start of your journey when the car
is parked with the journey’s end when the car is parked up again. The energy
stored in the chemicals of the petrol (and oxygen in the air) has decreased,
while parts of the car and the surroundings have heated up. Energy has

been transferred from a chemical store to a thermal one. Unfortunately, this
process is one-way — you cannot make your car unburn the petrol.

And the other big problem is that the car engine releases carbon dioxide and
other pollutants into the atmosphere. Carbon dioxide released by human
activity is the biggest cause of global warming and climate change.

"Usually, what people mean

Is that we are using up fuel, Some cars are electric though - you charge a battery that can then make
and that we need to save

or conserve fuel. the wheels turn and make the car go forward. But how do you charge that
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Conservation of energy

Energy cannot be created or destroyed. It can only

be transferred from one energy store to another.

For example, imagine you lift a heavy box off the floor and put
it on a table. Energy is being transferred from the chemical
energy store of your muscles to the gravitational energy
stored by the box being on top of the table.

Energy can be transferred in useful ways, like changing the
height of the box from the floor. However, in any process, some
energy will be dissipated - in this case it’s spread out across
the box, the table, and the surrounding air, which heat up
slightly. Some energy has been transferred to these thermal

stores. No energy has been destroyed but we often say that
the dissipated energy has been “wasted”, because it’s difficult
to transfer energy back out of these thermal stores in a useful way.

Chemical store

of energy
(in the muscles)

2There are two separate
electricity networks
supplying the UK:

one network across
mainland Britain including
surrounding islands like the
Isle of Wight, Isle of Man,
and many Scottish isles,
and a separate network
covering both Northern
Ireland and the Republic of
Ireland. There are another
three networks across
mainland Europe.

Gravitational store of
energy (box is elevated)

Thermal store of energy
(box, table, surroundings
heat up slightly)

battery? In the UK, our electricity networks? make use of a variety of energy
resources. Right now, burning fossil fuels (coal, oil, natural gas) in power
stations, the use of renewable energy technology like solar or wind, and
operating nuclear power plants all supply power to “the grid”. And then there
are future technologies like fusion. Different energy sources have different
pros and cons, especially when it comes sustainability. Can we keep using
them forever? And what harm are they doing right now?

The activities in the rest of this resource pack will help teachers and
students explore the pros and cons of different energy resources,

and learn about the potential of fusion power, as well as the career
opportunities of the fusion sector. Fusion is a kind of nuclear power.
Traditional nuclear power plants are really “fission powered”. Fission is

the process of large atoms being split into smaller atoms. Fusion is the
opposite — small atoms being combined into larger atoms. Fusion power is
an exciting prospect that may play a big role as the UK and the rest of the
world transition to a sustainable future.
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Turbines and generators
at the Hoover Dam
hydroelectric plant on the
Colorado River, USA.

Generating
electricity

Most of Britain’s electricity is generated by
burning fossil fuels. The energy transferred
by burning the fuels goes into heating up
water to make steam, which then turns

a turbine. At this point, the process is

very similar to other forms of electricity
generation.

So what is a turbine? A turbine is a device
that looks a bit like a windmill or desk fan. It
converts the movement of a flowing liquid

or gas into rotational motion, to allow useful
work to be done. The simplest kinds of
turbines are windmills and waterwheels. The
sails of the windmill rotate in the wind, turning
the machinery inside, perhaps to grind wheat
into flour. Water wheels are turned by flowing
water to achieve the same effect.

Modern turbines work in a similar way but are often attached to generators,
in order to turn the rotation into electricity. A generator is a device that takes
rotational motion to move wires in a magnetic field, producing an electric
current. A generator is just a combination of a magnet and conducting wires
that move through the field in a certain way. To understand a wind farm, you
only really need to know that the turbines take wind (the motion of the air
flowing past them) and turn it into rotational motion (the blades turn) and
that a generator then uses this rotation to create an electric current. The
same goes for hydroelectric power plants — which are just larger modern
versions of the water wheel, where the motion of water downhill drives a
turbine. Similarly, tidal power and most wave power is done using the motion
of water to drive a turbine. It’s worth knowing that people also use the word
“generator” to mean portable units that link a fossil-fuel burning engine to an
electric generator that can be used to power homes in an emergency or in an
off-grid situation.

With other sources of electricity, most power plants are based on steam
turbines - the blades turn within a casing that controls the flow of steam.
What separates many types of power plant is just the method used for boiling
water into steam. The heating can be provided by burning coal or gas, by
nuclear fission in traditional nuclear power, or perhaps by the fusion power
plants of the future.

Occasionally solar power can involve steam turbines and generators to
generate electricity. However, it’'s more common to use “photovoltaic panels”
(solar panels) to provide an electric current directly, by careful choice of the
materials in the panel. There’s also the option of solar water heaters that give
not electricity, but domestic hot water for cleaning and bathing.

Humanity has been using the essential parts of electricity generation for over
a century - what makes the future technology of fusion different?
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Figure ‘: Every atomic
nucleus larger than
hydrogen-1is a store of
nuclear energy. We can use
these reactions - fission on
the left and fusion on the
right - as a useful source
of energy if the nuclear
energy stored at the

start is greater than the
nuclear energy stored at
the end. Ultimately energy
is transferred out of the
fusion materials by heating
other components of the
equipment used to drive
the reactions. As in other
kinds of power plants,
fusion machines will heat
up water to make steam
that drives a turbine, in
order to make electricity.

% a krypton-92 nucleus and
a barium-141 nucleus.
4The sun does largely
transform hydrogen

into helium, but the
deuterium-tritium reaction
detailed here is massively
outweighed by other
routes because of the

low natural abundance of
tritium.
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What is fusion?

Fusion is a type of nuclear reaction. Every atom is made up of a nucleus in
the centre, and a number of electrons orbiting the nucleus. Most everyday
changes to materials are explained by chemical reactions and by the
sharing or transfer of electrons. But in a nuclear reaction, it is the atomic
nucleus that is changed. In most nuclei, protons and neutrons are bound
together to make up the nucleus. The number of protons tells you which
element you have (hydrogen has one proton, helium has two, and uranium
has 92, for example).

The simplest nucleus of all is a single proton with no neutrons - this is the
most common type of hydrogen nucleus, called hydrogen-1(sometimes
called “protium”). Other forms exist called hydrogen-2 (one proton, one
neutron) and hydrogen-3 (one proton, two neutrons) — but they are most
commonly called “deuterium” and “tritium”. These three different forms are
the “isotopes” of hydrogen.

At the other end of the scale, are elements like uranium - all uranium atoms
have 92 protons but there are different isotopes - uranium-238 (the most
common) contains 146 neutrons, while the next most common isotope,
uranium-235, has 143 neutrons.

There are two important types of nuclear reactions that we can use - fission
and fusion. Fission is the splitting of a large nucleus into smaller nuclei. For
example, firing a neutron at a uranium-235 nucleus causes it to split into two
smaller fragments®), releasing more neutrons and creating a chain reaction.
Fusion involves colliding two small nuclei together to create a heavier element
- the same process that happens inside the sun® The easiest fusion reaction
for us to use is to collide one deuterium and one tritium to give one neutron
and one helium-4 nucleus (also known as an alpha particle: it contains two
protons, two neutrons).

33
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Energy and mass
(A-level Extension)

Underpinning nuclear reactions like fusion and fission is perhaps the most famous equation in
the world: E = me? However, we're going to write it as:

AE = Amc?

Across the nuclear reaction, the total mass of the particles involved changes. The total mass
of the starting particles and that of the end products is very slightly different (we can no
longer assume that a proton and a neutron each have a mass of exactly 1amu). This change
in mass, Am, is offset by a change in the kinetic energy of the particles, 4E. The conversion
factor is huge, since ¢ signifies the speed of light, making €2a very large number indeed.
During fusion or fission, a tiny amount of mass is lost, and the kinetic energy of the particles
increases hugely. For fission of uranium-235, only around 0.1% of the original mass is lost.
This idea is called “mass-energy equivalence”. People often talk about mass being converted
into energy or vice versa, which seems to violate the law of energy conservation. However,
you can think of a particle’s mass as being an energy store like any other - during fission

or fusion, most of the energy involved is transferred from the energy store of the starting
particle masses to the energy store of the final particle masses, and a small amount of energy
is transferred to the kinetic energy stored by the particles. The exact interplay between the
mass, energy, and momentum of high-speed particles can only be fully understood with
Einstein’s theories of relativity.

How does a fusion machine work?

In a fusion machine, it’s the reaction shown in the right-hand panel of figure 1
on page 33 that’s most useful - here hydrogen is turned into helium. For fusion
to happen, the nuclei need to collide — and fast! Both nuclei have a positive
charge, and since like charges repel, the speed of the two nuclei must be fast
enough to overcome this. That means the fuel must be heated to over 100
million degrees Celsius. At room temperature, hydrogen is a gas, comprising
molecules of H, - two hydrogen atoms sharing electron, with the molecule
being neutral. Helium, under normal conditions, is a gas of individual neutral
atoms (simply written He).

At the temperatures needed for fusion, the materials involved aren’t even gases
- they have turned into a plasma - where the electrons have separated from the
nuclei, meaning the individual particles are charged. The plasma is so hot this
means there are huge challenges in terms of engineering and choosing materials.
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Inside the plasma chamber
of experimental fusion
machine JET (Joint
European Torus) at Culham
Centre for Fusion Energy,
Oxfordshire.

% For a demonstration of
this:
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Working with fusion machines requires a whole variety of different people
with different skills and knowledge and backgrounds to work together. When
fusion has been achieved, the reaction produces high speed neutrons that
collide with the walls of the chamber. This heats up the chamber walls, and
eventually steam is produced to drive a turbine. This is the same end process
as with other kinds of power plant. Whether it’s burning coal or using nuclear
fission, most other power stations simply heat up water to make steam,
making the turbine spin, producing electricity?®.



https://www.youtube.com/watch?v=MGj_aJz7cTs
https://www.youtube.com/watch?v=MGj_aJz7cTs
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APPENDIX A

Joules, kilojoules, and kilowatt-hours

How do we talk about the amounts of energy involved in an energy transfer?
The standard unit of energy is the joule (J). Let’s return to our example of
lifting a box. If the box weighs one kilogram, and is lifted one metre off the
floor, the energy gained by the gravitational store is 10 J° (Your muscles’
chemical energy store is depleted by more than this because the energy
transferred to thermal stores is “wasted”). As another example, if you wanted
to heat a litre of water by just 10 °C, you would need to transfer 42,000 J, or 42
kJ (1,000 joules equals 1 kilojoule).

When we know the details of the task, we can work
out how much energy is transferred and state it in
joules or kilojoules. But take an electrical appliance
- it can be turned on and run for a short amount
of time or for a very long time. It makes more

sense to talk about the appliance’s power rating

- how much energy it transfers in a set amount

of time. The standard unit of power is the watt

(W) - the power required to transfer1J of energy
per second. A 12 W broadband router running for
10 seconds will transfer 120 J of energy. Many
household appliances are rated in kilowatts (kW\),

: R, where 1 kW = 1,000 W. A kettle has a power of

| E. SR 2 |Whjtr. | around 3 kW, and an electric shower might be 10
MONOPHASE 2 FILS kW. Power also applies to sources of energy as

Sié. Francais= LANDIS & GYR wmonTLUGON '3 well - alarge offshore wind turbine out to sea

' might generate 5 million watts (5 MW) of electricity
at peak performance, in other words transferring

5 million joules of energy every second to the
electricity network.

FABRIQUE A MONTLUGON (France)

An older style of electricity Another unit of energy that is often used when talking about household or

meter still seen in many industrial energy needs is the kilowatt-hour. A device running at a power of 1
z.omes""”th analogue kW for period of 1 hour transfers 1 kilowatt-hour of energy (1kWh), equal to 3.6
isplay showing total
energy reading of 12,615 MJ. Although it’s not a standard unit, the kilowatt-hour does make for simple
Kilowatt-hours calculations for many purposes, especially when electricity companies tell
you their prices per kWh!

& You may know that
acceleration due to gravity
is 9.8 m/s?, or recognise
that 1kg mass on Earth
weighs 9.8 N, and will spot
that here 9.8 J has been
rounded up to 10 J.
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APPENDIX B

Atomic structure and periodic table

The structure of an atom
of lithium-7 (one of the
isotopes of lithium). The
central nucleus is orbited
by electrons (white). The
nucleus itself contains
protons (pink) and
neutrons (grey).

The different particles that
make up atoms, along with
their masses and charges
relative to one another. *An
electron has a mass 1,836
times smaller than the
mass of a proton.

“The units involved here are
best expressed in engineering
notation - e.g. millimetres
(Imm = 10-°m), microns or
micrometres (Ium =10°m),
nanometres (Inm =10°m),
picometres (lpm = 10-?m),and
femtometres (1fm =10""m).
Another useful unit is the

Angstrom (1A = 01nm =10"°m).

Atomic Structure

An atom has a nucleus in the centre and electrons that orbit around it. The
electrons are negatively charged and are arranged in shells. The nucleus
contains protons and neutrons. Each proton is positively charged (with
equal but opposite charge to an electron), while each neutron has zero
charge (is neutral). The nucleus has an overall positive charge and contains
almost all the mass of the atom (the neutron’s mass is almost identical to
the mass of the proton, and the electron mass is much smaller). The size of
atoms is incredibly small - not easily expressed in millimetres (thousandths
of a metre) or even micrometres (microns, millionths of a metre). An atom

is around one tenth of a nanometre across, or 01 nm (a nanometre is one
billionth of a metre). A nucleus is 100,000 times smaller still, being only a few
femtometres in diameter.”

Lithium-7 Knowing this basic structure is
incredibly useful when learning about
7 o everything from chemical reactions to
L| the design of a nuclear power plant.
3

The number of protons tells you which

element you have - 3 protons mean you

have an atom of lithium. The number of

. neutrons can vary from atom to atom -
lithium most commonly has 4 neutrons,
but around 5% of lithium atoms have
only 3 neutrons. These different types

‘ of lithium atoms are called isotopes,

and they have different masses. The
isotopes are named lithium-7 and
lithium-6. For example, lithium-7 has
an atomic mass number of 7 (the

‘ total number of protons and neutrons

added together).

Relative Mass Relative Charge

Proton 1 +1 (Positive)
Neutron 1 O (Neutral)
Electron Very small* -1(Negative)
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A periodic table tile for
the element chlorine,
taken from the Periodic
Table on the final page.
The chemical symbol for
chlorine is Cl, and every
atom of chlorine has 17
protons in the nucleus,
meaning its “atomic
number” is 17. The atomic
mass is stated as roughly
35.45 atomic mass units
(amu). Most chlorine
atoms have either 18 or
20 neutrons, which gives
an average mass for the
nucleus of 35.453 amu.
Some periodic tables
may include additional
information.

The periodic table

The periodic table is arranged to help you find out the structure of the atoms
of each element. The elements generally get heavier as you go to the right
along each row, and down to the row below. This means larger atoms with
more protons and neutrons in the nucleus. But to find out exactly how manuy,
you have to look at the atomic symbol of each element. The symbol’s letter(s)
tells you the element, e.g. H means hydrogen, Fe means iron. The numbers

drawn alongside the letter(s) tell you the atomic number and the atomic mass.

The atomic number is the number of protons in the nucleus (and in a neutral
atom this is the same as the number of electrons). The atomic mass is a bit
more complicated. For the element chlorine, there are two common isotopes -
all chlorine atoms have 17 protons but some will have 18 neutrons and some 20
neutrons. The lighter atom is more commonly found in nature, so on average

a chlorine atom has a mass of 35.45 atomic mass units. These isotopes of
chlorine can be written in symbol form (**Cl and *’Cl) or given the names
chlorine-35 and chlorine-37, but the overall summary for the element chlorine

is drawn as this:

Chlorine
35.4527

38
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Words

Matt Williamson is a STEM engagement consultant and science presenter
based in Dundee.

Design & Production

Expanded Universe is a communications consultancy and content creation
agency specially geared towards the space and high-tech physics sector.

The Fusion Cluster

The Fusion Cluster brings together business, scientists and academics,
investors and government to help achieve fusion faster.

We'd welcome your feedback via email to



http://www.expandeduniverse.co.uk
https://thefusioncluster.com
mailto:%20TheFusionCluster%40ukaea.uk?subject=

