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Introduction

The Earth’s climate, although varying over millions of years, has been ‘just right’ to allow
the development of life, first in the oceans and then on land. A key factor has been the
natural greenhouse effect, which has warmed the planet and allowed the bulk of the
world’s oceans to remain ice-free. This course describes the basic science of the
greenhouse effect and how it has been modified by human activities such as the burning
of fossil fuels. This has resulted in global warming, climate change and an increase in
extreme weather events, posing a threat to the Earth’s ecosystems.

The course describes the large cuts in greenhouse gas emissions that will be required to
stabilise the global climate, the role of international climate change negotiations and the
need for an energy transition away from fossil fuels to other energy sources, particularly
renewable energy.

This free course is an adapted extract from the Open University course U116
Environment: journeys through a changing world.
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Learning outcomes

After studying this course, you should be able to:

explain the basic principles of the atmospheric greenhouse effect and the term ‘Net
Zero’

understand the human influences causing the anthropogenic or enhanced green-
house effect

understand the reasons for, and the consequences of, climate change
explain the role of international climate negotiations
understand the need for large and immediate cuts in greenhouse gas emissions

understand the key technologies and other actions, which will include behavioural
change, needed to stabilise the global climate.
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1 The third planet

Why does life exist on Earth but not, apparently, on our neighbouring planets?

The Earth is the third planet from the Sun. Its orbit lies between that of Venus, which is
closer to the Sun, and that of Mars, which is further away. All three planets are composed
largely of rock and metals, and have similar sizes, although Mars is smaller than the other
two. In these two respects, they should all be capable of supporting life. Figure 1 shows
the famous view of Earth from space, sometimes referred to as the ‘blue marble’, taken by
the Apollo 17 astronauts in 1972.

R

&

Figure 1 Earth from space

It shows a blue planet that is mostly covered by oceans and decorated with complex cloud
patterns indicating our ever-changing weather. Mars and Venus, in contrast, are like
barren deserts: there is no liquid water on their surfaces and they are apparently lifeless.
The Earth teems with life, but the other two planets do not. Why is there such a dramatic
difference?

The oceans have played a critical role in supporting life on Earth. Life began in the
oceans, and for much of the Earth’s history existed only in the oceans. The presence of
water, then, appears to be a requirement for life to survive and thrive, at least in the forms
found on Earth. The history of the Earth also indicates that global temperatures, while
varying considerably, have virtually always stayed within a range suitable for life and to
maintain oceans. What factors have helped maintain the Earth’s mean temperature and
make it habitable?

1.1 The Earth’s mean temperature

The two main factors that influence the mean temperature of the Earth and its
neighbouring planets are distance from the Sun and the nature and extent of their
atmospheres. Consider first the situation if the Earth had no atmosphere.

The ultimate source of almost all the energy reaching the Earth’s surface is the Sun.
(Some heat energy flows from the interior of the Earth, but is tiny compared to the solar
contribution.) The incoming energy is transmitted across space by solar radiation (the
Sun’s rays), and when it reaches the Earth it is transferred to its surface, or to your skin
which, as you will know from experience, warms.

All bodies give off heat in the form of infra-red radiation that depends on their
temperature. Temperature also affects the regions of the spectrum in which the radiation
is emitted (such as the visible spectrum, but also infra-red and ultraviolet and beyond).
So the Earth, in turn, radiates energy back into space, but because it is at a much lower
temperature than the Sun, this energy is in a more restricted part of the spectrum —
namely the infra-red (it doesn’t glow visibly hot!). Its surface temperature would have risen
in the past until it reached a value where the rate at which energy is transferred to it is
balanced by the rate at which energy is radiated out to space from the surface of the
Earth, as illustrated in Figure 2. Over time, if the output from the Sun is constant, the mean
surface temperature of the Earth will stabilise at a particular value.
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Figure 2 The energy balance at the Earth’s surface, without an atmosphere. Solar
radiation input is balanced by infra-red radiation from the Earth with a mean surface
temperature of -18 °C.

At what temperature would the Earth stabilise? If it had no atmosphere, its surface
temperature can be calculated to be approximately -18 °C (minus 18 degrees Celsius). A
similar calculation can be applied for our neighbouring planets: Venus, which is nearer to
the Sun, should have a mean surface temperature of +50 °C, while for the more distant
Mars the figure is =57 °C.

In fact the mean surface temperature of the Earth is usually quoted as plus 15 °C, and it
has been getting warmer in recent years. The surface temperature is defined as the air
temperature measured by standard instruments close to the surface, when averaged over
the whole planet, over both sea and land. For this reason it is generally referred to as the
global mean surface temperature (GMST).

The difference of +33 °C between the figure of —18 °C and +15 °C represents a significant
warming. This warming is the difference the atmosphere makes, and is known as the
greenhouse effect. This is an entirely natural effect, which has existed as long as the
Earth has had an atmosphere, although the amount of warming will have changed with
the composition of the atmosphere. Note that we are not describing human impact here.

1.2 The greenhouse effect

How does the Earth’s greenhouse effect work? The greater part of the Earth’s
atmosphere is in the lower atmosphere, and when dry it is made up almost entirely of
three gases: nitrogen, with 78% (78 parts out of 100) by volume; oxygen (21%); and an
inert gas, argon, making up most of the remainder.

These three gases do not interact significantly with heat (i.e. infra-red) radiation from the
Sun or the Earth. If these were the only gases in our atmosphere, then the Earth’s mean
temperature would remain at —18 °C. The two main naturally occurring greenhouse
gases are water vapour and carbon dioxide. They are normally present only in small
amounts, but their impact is very significant.

Greenhouse gases in the atmosphere are largely ‘transparent’ to most regions of the
spectrum of the incoming solar radiation, such as the visible and ultraviolet, but they
intercept the outgoing infra-red radiation from the Earth by absorbing it and then emitting it
again in all directions. As Figure 3 illustrates, most energy radiating from the Earth’s
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surface no longer escapes directly to space. Instead, it is absorbed and re-radiated
several times within the atmosphere. Some of this re-radiated energy is sent back to the
Earth’s surface, some to the lower layers of the atmosphere; both are warmed. Therefore,
the Earth’s surface receives more radiated energy than just the direct solar, so its
temperature rises until a new balance is struck when it again emits energy at a rate to
match the increased input. The upper atmosphere still radiates energy back to space at
an average temperature of =18 °C, from approximately 7 km high where the air is much
colder, but now the Earth is much warmer at the surface.
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Figure 3 The ‘natural’ greenhouse effect of the Earth’s atmosphere. The energy balance is
maintained, but the surface of the Earth is at approximately 15 °C and the lower levels of
the atmosphere are warmed.

The overall effect is for the atmosphere to act like the panes of glass in a greenhouse,
keeping the Earth’s surface much warmer than it would otherwise be, hence the term
‘greenhouse effect’. Glass has similar selective properties of absorption or transmission
as the Earth’s atmosphere — it is more transparent to visible and some ultraviolet radiation
than infra-red.

Box 1 Greenhouse gases

A greenhouse gas (often referred to as ‘GHG’) is a gas that can absorb infra-red
radiation, so contributing to the greenhouse effect. Not all gases can do this. The
atmosphere absorbs infra-red radiation only because certain gases in the mixture
that makes up air are greenhouse gases. A greenhouse gas molecule can absorb
some infra-red radiation when the chemical bonds that hold molecules together act
like springs, and like springs, they can vibrate. When the bond absorbs energy from
the infra-red radiation, it vibrates more energetically. However, it turns out that infra-
red radiation is absorbed only if a molecule contains more than two atoms, or — if it
contains only two atoms — it must be a compound so the atoms at each end of the
bond are of different elements.

The Earth’s atmosphere is largely made up of five gases: nitrogen (N,), oxygen (O,),
argon (Ar), water vapour (H>O) and carbon dioxide (CO,). Which of these could act
as a greenhouse gas? Argon exists as single atoms and so has no bonds and can’t
absorb infra-red radiation. Oxygen and nitrogen molecules consist of two atoms of
the same type, so these molecules can’t absorb infra-red radiation. Molecules of
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carbon dioxide and water both contain more than two atoms (and also two types of
atom) — so these molecules can absorb infra-red radiation through changes in the
way they vibrate. Both of these greenhouse gases are products of combustion of
fossil fuels such as oil and gas.

There are smaller amounts of other greenhouse gases in the atmosphere. These
include methane (CH,), which can arise from many natural processes such as
decomposition (rotting) of organic matter, a byproduct of some agriculture including
wet rice cultivation, and ruminants (including cows and antelopes) digesting food
(belches). It can also arise from natural gas leakage during fossil fuel extraction and
distribution. Another example is nitrous oxide (N,O), from vehicle emissions and
the decomposition of agricultural fertilisers. Although they currently occur at much
lower concentrations than carbon dioxide, these compounds can individually be
more powerful absorbers of radiation than carbon dioxide (CO,). For instance,
methane may be rated 20 times more potent as a greenhouse gas than carbon
dioxide. This is measured in terms of the relative Global Warming Potential (GWP),
a somewhat complex quantity as it involves several aspects of the behaviour of the
gas in the atmosphere.

1.3 The right temperature for life

The beginning of this section explored: ‘Why does life exist on Earth but not, apparently,
on our neighbouring planets?’ Part of the answer is that the Earth’s distance from the Sun,
in combination with the greenhouse effect of its atmosphere, maintains a range of
temperatures on the planet that are suitable for oceans and life to survive. Mars, with its
thin atmosphere and weak greenhouse effect, is too cold for life to flourish, while Venus,
with its dense atmosphere and intense greenhouse effect, is too hot. The Earth is just
right.

This is sometimes referred to as the Goldilocks thesis, named after the children’s story
Goldilocks and the Three Bears, where Goldilocks finds the temperature for Baby Bear’s
porridge to be ‘just right’. The good news (there sometimes is some) is that theoretical
calculations suggest that we will not be able to pump enough carbon dioxide into the
atmosphere to cause a runaway greenhouse effect like that on Venus. This is backed up
by evidence from the Earth’s history: the oceans and life have survived much higher levels
of greenhouse gases than now, although life has often suffered setbacks, including
several episodes of mass extinction when a large proportion of all species have become
extinct in a comparatively short geological time.
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2 The carbon connection

The development of life on a dynamic Earth was associated with major changes in the
composition of oceans and atmospheres, and carbon-based life played a key role in this.
The section above discussed how greenhouse gases in the atmosphere have a major
effect on the mean temperature of the Earth, through the greenhouse effect. Once again,
carbon in the form of carbon dioxide plays a major role. This section will explore more fully
the role that the element carbon plays in the life of the planet by following two trails: first,
the trail that carbon atoms follow as they cycle through different parts of the Earth, and
then the carbon trail produced by human activity.

2.1 The first carbon trail, the carbon cycle

Carbon dioxide, CO,, is produced and released into the atmosphere when we burn fuels,
such as wood harvested from a forest, or coal and other fossil fuels extracted from the
ground. Note that the fossil fuels, i.e. coal, oil and natural gas, are derived from fossilised
organic matter (once living organisms).

CO, is also produced by almost all living things, both animals and plants, at all times of the
day and night, in the process called respiration. In our own bodies we tend to equate
respiration with the physical process of breathing, the movement of air in and out of our
lungs. Within the lungs, oxygen from the air is taken in, and some carbon dioxide is
released from the body when we breathe out. When the oxygen reaches the cells of our
bodies (and also the cells of other animals and plants), chemical reactions break down
some of the complex carbon compounds such as carbohydrates that are stored there.
This releases energy for our muscles to use. Oxygen is used in the process, and water
and carbon dioxide are produced.

What happens to the carbon dioxide? Plants and certain types of bacteria remove carbon
dioxide from the oceans and atmosphere in a process called photosynthesis. This is the
process whereby green plants, and a few other organisms, trap energy from sunlight and
use carbon dioxide and water to make carbohydrates and oxygen. The carbohydrates are
used to store energy for use in the growth and maintenance of the plant, and the oxygen is
released to the atmosphere where it can be used again by plants and animals for
respiration. The two processes of respiration and photosynthesis underpin the cycling of
carbon, on which most life on Earth depends.

Figure 4 shows the fundamentals of the carbon cycle, but in this diagrammatic form it
reveals little about the component parts of the cycle and the links between them.
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Figure 4 The basic carbon cycle

Figure 5 gives a little more detail. Animals are represented by a giraffe, and plants are
shown by a tree and some grass. The basic carbon cycle in Figure 4 can be traced in
Figure 5 by arrows showing the movement of carbon dioxide. The respiration arrows from
the tree and the giraffe to the air indicate production of CO,, and the photosynthesis arrow
shows CO, absorbed from the air by the tree. Both plants and animals contain carbon in
their tissues in the form of carbohydrates and other carbon-based compounds known
collectively as organic compounds. In Figure 5, the arrow from the tree to the giraffe
makes the point that animals eat plants and there is a transfer of carbon in the process.
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Figure 5 The carbon cycle at the local level

So far, only the biological processes above the ground have been considered. Figure 5
also includes the vital parts of the cycle below the ground surface. While alive, both plants
and animals produce waste products, for example in the form of leaf litter from trees and
excreta from animals. These wastes and the remains of the dead plants and animals are
broken down by micro-organisms living on and in the soil into simpler organic materials. In
the process, these micro-organisms also respire and add carbon dioxide to the air. Any
remaining organic matter will simply be incorporated into the soil. Figure 6 represents the
global carbon cycle and has been broadened to include interactions involving the oceans,
aspects of the Earth’s geology, and human activity. The discussion below this figure
considers each of these components in turn.
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CARBON DIOXIDE IN THE ATMOSPHERE
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Figure 6 The global carbon cycle — the arrows show how the flows of carbon move around
in the carbon cycle. The main upward flow is from fossil fuel burning; the two main
downward flows are from photosynthesis and the flow down to the ocean.

In the oceans, phytoplankton (microscopic floating plants) play the same role as land
plants in Figure 5. Carbon dioxide from the air dissolves readily in the surface waters and
is used by phytoplankton in photosynthesis. However, as with green plants on the land,
phytoplankton respire, so most of the carbon dioxide is returned to the atmosphere again
from the surface of the oceans. Arrows show the two-way flows of carbon dioxide between
the atmosphere and the oceans. Most of this activity takes place in the top few hundred
metres of the oceans, the upper layer through which sunlight can penetrate and that is
stirred by waves. Phytoplankton are eaten by zooplankton (microscopic floating
animals), and both are eaten in turn by other marine animals. Many aspects of the carbon
cycle shown for plants and animals on land are replicated in the ocean, although the
details are not shown here. In addition, however, there is a slow trickle of carbon to the
bottom of the oceans in the form of the dead remains of plankton and other marine
organisms. Some of it remains in the ocean sediments, which eventually form new rock.
Thus it is effectively removed from the main carbon cycle and enters what could be called
the geological carbon cycle.

In Figure 6, two arrows point to geological mechanisms that remove carbon dioxide from
the atmosphere. They indicate the slow processes of rock formation beneath the
continents and the oceans, by which organic carbon is incorporated into rock strata, some
in the form of coal, oil or gas, or mineral carbon from marine shells that forms rocks such
as limestone and chalk (which are composed mainly of calcium carbonate). Other arrows
show the return of this buried carbon as carbon dioxide to the atmosphere, through
volcanic eruptions and weathering of rocks by erosion.
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Two components of the global carbon cycle have now been identified: the biological
carbon cycle, involving life on land and in the sea, that continually exchanges carbon with
the atmosphere, and a geological component, that incorporates carbon in rocks before it
is released to the atmosphere.

Where is most of the carbon on the planet? It lies buried in rock formations as limestone or
chalk, or as organic deposits. Only 1 part in 1000 is found in all the other carbon stores,
and 90% of that is dissolved in the deep oceans of the world where it does not mix readily
with the upper layers. But geological mechanisms function very slowly and it normally
takes millions or even hundreds of millions of years for carbon buried as rock to emerge
into the air again. Even the carbon in the deep ocean is very slow to mix with the upper
ocean, and it may be a thousand years before it reaches the surface again. For this
reason, although these stores are massive, the amount of carbon they exchange with the
air each year is tiny compared with the non-geological component.

Most of the movement of carbon takes place between four main stores: the atmosphere,
living animals and plants, soils, and the upper ocean. Carbon from these four stores is
cycled around continually by the natural processes explained above. If the natural
processes were left largely undisturbed, the concentration of carbon in each of the stores
would remain relatively constant.

However, human activities have been producing large quantities of carbon dioxide.
Figure 6 shows two of them: the burning of fossil fuels and the use of fire to clear forests
and grasslands.

2.2 The second carbon trail, human influences

Industrial economies, first in Europe and North America and now globally, have made
increasing demands on the Earth to meet their material needs. We meet increasing
demands upon agriculture to feed a growing and more affluent population by bringing
more land under cultivation and using it more intensively. We are also heavily reliant on
the use of the energy stored in fossil fuels to provide the electricity, heating, lighting and
transport that modern societies take for granted. As a by-product of meeting these needs,
we have inadvertently changed, and are now knowingly changing, our atmosphere.

The global carbon cycle can help explain what happens when these activities release
additional carbon dioxide into the atmosphere. The two main sources have been shown in
Figure 6. The first is the burning of fossil fuels, such as coal, oil and gas. These are
compounds composed largely of carbon and hydrogen. When they are burned to release
energy, carbon combines with oxygen to produce carbon dioxide (CO,), and hydrogen
combines with oxygen to produce water (H,O), usually in the form of steam. This process
parallels the respiration by plants and animals illustrated in Figure 5. (Cement-making,
which uses limestone or chalk, also produces carbon dioxide and makes a lesser but still
significant contribution.)

Figure 7 shows global CO, emissions from fossil fuel burning from 1850. Between
1950 and 2010 these emissions increased at a rate of about 500 million tonnes per year.
However, the rate of increase has slowed since 2010 and the world may now be at, or
close to, its peak rate of CO, emissions from fossil fuels.
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Figure 7 Global carbon dioxide (CO,) emissions from fossil fuel combustion between
1850 and 2022, with an expanded section from 2000 to 2022 showing that the rate of
increase has slowed since 2010

The second carbon dioxide source is land use change for agriculture and the spread of
urban areas, which includes the burning of forests and grasslands and also the release of
carbon from newly disturbed soil. Recent estimates (Global Carbon Project, 2023)
suggest that fossil fuel burning is adding approximately 37 gigatonnes (37 000 million
tonnes) of carbon dioxide to the atmosphere every year, with land use change contributing
approximately 4 gigatonnes. The same estimates also suggest that around 40% to 50% of
these carbon releases remain in the atmosphere for centuries or many thousands of
years. The remainder is absorbed over a period of decades (or less) by the two carbon
stores described earlier, namely by plants (mainly the forests of the northern hemisphere)
and the oceans.

Box 2 Describing large and small numbers (and units)

37 gigatonnes can be written as 37 billion tonnes or 37 thousand million tonnes.

The prefix ‘giga’ and its symbol G (note that some symbols are capitalised and some
are not) is an example of an internationally agreed set of terms to describe numbers
and units. These form the Systéme international d’unités (international system of
units) known as Sl. The Sl unit of length, for example, is the metre (m), and the SlI
unit for time is the second (s).

Example: What is 1000 metres in Sl form? The prefix for one ‘thousand’ is ‘kilo’, so
the answer is one kilometre (1 km in shortened form). One thousand metres, one
kilometre and 1 km are alternative ways of describing the same thing.

There are several other different ways of writing large and small numbers, including
fractions, decimals and powers of ten, which are shown here for reference (see
Table 1).

Table 1 Examples of different ways of writing large and small numbers

' Prefix . Number or . Power
Prefix Meaning . Decimal
name fraction of ten
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giga

mega

kilo

milli
micro

nano

billion or thousand
million

million

thousand

one

thousandth

millionth

billionth

2.3 Measuring the atmospheric carbon dioxide

concentration

1 000 000 000

1 000 000

1000

1

1/1000

1/1000 000

1/1000 000 000

1 000 000 000

1 000 000

1000

1

0.001

0.000 001

0.000 000 001

10°
10°
10°
1073
107®

107°

In late 1957 the scientist Charles Keeling began a continuous series of measurements of
the atmospheric carbon dioxide concentration at the Mauna Loa Observatory in Hawaii.
This is situated high up at the top of a mountain. The results (the Keeling curve) are

shown in Figure 8.
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Figure 8 Annual fluctuations shown by the Keeling Curve (Scripps Institution of

Oceanography, 2023)

It shows a continuously rising trend from about 315 parts per million (ppm) of CO, in the
atmosphere in 1958 and reaching over 420 ppm in 2023. Measurements were taken
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simultaneously from other parts of the planet, including from Antarctica. These only
differed very slightly, so the Mauna Loa figures can be taken to be representative of the
global atmosphere.

Note that there is an annual variation, showing that peak levels are reached in spring in
the northern hemisphere, before plants on the northern landmasses and continental
shelves start growing strongly again and absorbing carbon dioxide.

This curve is important because it shows, very clearly, the steady increase of carbon
dioxide in the atmosphere, one of the first major signs of global environmental change.
This extra CO, is what most environmental scientists consider to be a major cause of
climate change and the additional warming of the whole planet.
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3 Causes for concern

The increased greenhouse effect due to human activity is called the anthropogenic
greenhouse effect (sometimes called the enhanced greenhouse effect) to distinguish it
from the natural effect discussed earlier. The effect on the Earth is very much as though
the output of the energy from the Sun has increased. This increases the mean surface
temperature of the Earth, often referred to as global warming, which then causes other
changes to our climate. These include an increase in the number of extreme weather
events.

3.1 Global temperature rise

Figure 8 illustrates the unprecedented extent and speed of recent changes to our
atmosphere. Climate models have long predicted that this will lead to the Earth warming
further and faster than has occurred for millions of years. The Earth’s climate system is
now responding in line with these predictions. Since the 1970s, each decade has been
approximately 0.2 °C warmer than the last one, meaning that we no longer have stable
climate ‘normals’.

More recently, the World Meteorological Organization (WMO) has called 2011-2020 ‘a
decade of acceleration’ (WMO, 2023a). It was the warmest on record for both land and

ocean, with a rise in the global mean surface temperature (GMST) of the Earth of 1.1 °C
above the 1850-1900 baseline (WMO, 2023b).
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Figure 9 Global mean surface temperature 1850-2020. The average temperature for
2011-2020 was 1.1 °C above the 1850-1900 baseline (IPCC, 2023)

3.2 Extreme weather events

The atmosphere reacts very rapidly to temperature rises over the land and sea. The extra
heat turbo-charges the atmosphere, and excess heat and moisture is distributed around
the globe. Unusual and extreme weather events are an early warning of such changes
and are hard to ignore because of their damaging impacts. They damage ecosystems as
well as our health and wellbeing, economies and infrastructure. In recent years, every
region of the world has experienced impacts from record weather extremes: record
temperatures and dangerous heatwaves, including marine heatwaves; sudden droughts;
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more intense storms and rainfall and damaging floods; and widespread wildfires in areas
previously unaccustomed to them. For example, in 2023, high temperatures, low humidity
and continuous winds caused extreme ‘megafires’ in Canada on an unprecedented scale,
burning 18 million hectares of land — 10 million more than previous records (NASA, 2023;
WWA, 2023)

Although the impacts of climate change are experienced across the world, some regions
have experienced larger changes than others. Modelling shows that global warming will
occur unevenly: the continents will heat up about twice as fast as the oceans, and polar
regions will heat much faster than those near the equator. A global warming of 2 °C, for
example, would mean that on average land surfaces would warm by 3 °C and the oceans
by 1.5 °C, but more northern latitudes could warm by considerably more (WMO, 2023b).
This is exactly what has been happening in recent decades. Figure 10 gives a snapshot of
global warming for 2015-2019 (note that it uses a baseline of 1951-1980). Note in
particular the extreme warming of the large land masses around the Arctic. By 2022,
Europe had warmed by 2.3 °C above the 1850-1900 baseline — twice the global average
rate — while parts of the Arctic warmed by three times the global average (WMO, 2023b).

e, ~

Figure 10 Global warming for 2015-2019 when compared with 1951-1980 (NASA, no
date)

Thus while temperatures are hottest near the equator, where higher temperatures and
humidity can approach the limits of habitability of many species (including us), in more
temperate climates the changes can be larger and ecosystems and societies may be less
adapted to extreme heatwaves, for example. Heatwaves are becoming more frequent and
more intense globally, and they now occur in temperate and boreal regions, such as
Siberia, Alaska and Northern Canada, where they used to be unusual. This is also true for
wildfires — particularly for forest fires in boreal regions, which have increased dramatically
in intensity with rising temperatures.
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The threat of global climate change has spurred urgent international action. Starting in
1995 the United Nations has convened a series of annual Climate Change conferences,
each normally now called a ‘Conference of the Parties’ (COP). The 1997 meeting in Kyoto
in Japan agreed the Kyoto Protocol. Under this many industrialized countries agreed to
legally binding reductions in greenhouse gas emissions of an average of 6% to 8% below
1990 levels to be reached between the years 2008—2012. Many countries have managed
to exceed these targets. Indeed, by 2023, the UK’s greenhouse gas emissions had more
than halved from their 1990 level (DESNZ, 2024).

In 2008 the UK Parliament passed a Climate Change Act which required that the country’s
greenhouse gas emissions should continue to fall, by 80% of their 1990 levels by 2050.
This Act was amended in 2019 to make the emissions level ‘net zero’ by 2050 (the
meaning of this term will be described later in this course).

The 21st COP meeting (COP 21) was held in Paris in 2015. This set an important policy
milestone. A total of 195 countries committed to curbing their greenhouse gas emissions
‘consistent with holding the increase in the global average temperature to well below 2 °C
above pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5 °C
above pre-industrial levels’ (UNFCCC, 2016). A 1.5 °C target would mean limiting the rise
in atmospheric concentration of CO, to below 440 ppm. In order to achieve this, global

CO, emissions from human activities would need to peak immediately and fall to net zero
by 2050.

A key part of the policy process lies in nationally determined contributions (NDCs), a
set of short-term policy promises or pledges on emissions cuts from individual countries,
initially only extending to 2025 or 2030, but which can then reviewed and increased over
time. In addition, many countries (including the UK) have committed to a longer term
target of reaching net zero emissions by 2050.

The COP series of meetings have continued each year (except in 2020 due to the COVID-
19 pandemic). It has become clear since 2015 that the climate situation is more urgent
than previously realised. As shown in Figure 10 the average global surface temperature
has been rising steadily since the 1970s and could reach 1.5 °C before 2030. The COP 28
meeting held in Dubai in November 2023 (Figure 11) affirmed the need for policies to keep
the global temperature rise to only 1.5 °C rather than just ‘well below 2 °C’ as agreed at
the 2015 COP 21 meeting.
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Figure 11 A line-up of world leaders at the UN COP 28 meeting in Dubai in the United
Arab Emirates in 2023.

The COP 28 meeting agreed that there should be a ‘transition away from fossil fuels in
energy systems’ and that there should be a tripling of renewable energy capacity
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by 2030.” The needs and implications of this energy transition are the subject of the rest of
this course.

A key role in analysing climate change and providing scientific information to inform policy
decisions is carried out by the IPCC.

4.1 The Intergovernmental Panel on Climate Change

The Intergovernmental Panel on Climate Change (IPCC) is the international body for
assessing the science related to climate change. It was established in 1988 by the United
Nations Environment Programme (UNEP) and the World Meteorological Organization
(WMO). It provides regular assessments of the scientific basis for climate change, its
impacts and risks, and options for adaptation and mitigation. These assessments provide
the essential evidence for decision makers at all levels to develop climate-related policies
and underlie any international negotiations. The First Assessment Report supported the
establishment in 1992 of the United Nations Framework Convention on Climate Change
(UNFCCC).

The IPCC draws on experts from nearly 200 member states, who volunteer their time to
provide an authoritative and comprehensive assessment of climate change science. Its
regular assessments are written by hundreds of leading scientists and supported by
thousands of reviewers in an open and transparent process that ensures that the reports
reflect the full range of views in the global scientific community.

As well as assessment reports, the IPCC publishes special reports on specific climate-
related issues. Over the years, these reports have reflected the growing understanding of
anthropogenic climate change and provided a more detailed picture of its current and
future risks and of ways to deal with them.

The IPCC'’s Fifth Assessment Report (AR5) was published in 2015 and provided support
for the Paris Agreement in its goal to avoid dangerous climate change by keeping global
warming to well below 2 °C and if possible limiting it to 1.5 °C.

The Sixth Assessment Report (AR6) was published in 2023, in time for COP 28 and the
‘first global stocktake’, when countries reviewed their progress towards the Paris
Agreement targets. It adds urgency to these tasks by pointing out that unprecedented
changes to our climate system are already causing extreme weather across the world.
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5 From COP promises to action on the ground

The previous section showed how COP agreements have marked important progress in
international climate change commitments. It is essential that these commitments are
adhered to, regardless of changes in government. It is also essential that Nationally
Determined Contributions (NDCs) to reduce greenhouse gas emissions are progressive
(i.e. ratcheted up) for the commitments to be met. But just how much do emissions need
to fall to limit warming to below 2 °C or 1.5 °C, and how do pledges translate into actions
on the ground?

5.1 Global warming ‘well below 2 °C’

Section 2 showed how the concentration of carbon dioxide in the atmosphere has been
rising over time (the Keeling Curve). In 2023 it passed 420 ppm, which is 50% higher than
pre-industrial levels. It also explained how rising greenhouse gas emissions from human
activity have led to the enhanced greenhouse effect and a warming of the Earth. The long-
term trend shows that the global mean surface temperature was 1.1 °C warmer in
2011-20 compared to the last half of the 19th century, and is rising (IPCC, 2023).

Although carbon dioxide (CO,) is not the only greenhouse gas — methane (CH,4) and
nitrous oxide (N,O) are also important — it is estimated to account for around two-thirds of
global warming since pre-industrial levels. Whilst governments and fossil fuel producers
have started to make commitments to reduce methane emissions, the main focus of
climate change policies and action to date has been to reduce CO, emissions. These
initiatives are yet to see global CO, emissions fall significantly, but there is some
progress.

As shown earlier in Figure 7, between 1950 and 2010, global emissions from fossil fuel
burning increased at a rate of about 500 million tonnes per year. However, the rate of
increase has slowed since 2010 and the world may now be at, or close to, its peak of CO,
emissions from the combustion of fossil fuels.

5.2 Cuts in emissions

But exactly how dramatically do carbon dioxide emissions need to fall to meet the Paris
Agreement targets and limit the increase in global mean surface temperature to well
below 2 °C, with the aim of 1.5 °C? The IPCC have stated that ‘without immediate and
deep emissions reductions across all sectors, limiting global warming to 1.5 °C is beyond
reach’ (IPCC, 2022), and they have produced a set of projections to show just how
immediate and deep these reductions need to be (see Figure 12).
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Figure 12 IPCC projections for future carbon dioxide and methane reductions, as well as
the total greenhouse gas emission reductions necessary to limit global temperature rise to
(a) 1.5 °C and (b) below 2 °C, by 2100 (adapted from IPCC, 2023). The dashed lines show
emissions projections based on policies as of 2020 (i.e. in a ‘business as usual’ scenario).

Carbon dioxide emissions need to fall rapidly to limit warming to 1.5 °C by 2100
(Figure 12(a)), and even to keep below 2 °C warming (Figure 12(b)). For 1.5 °C, this
means reaching net zero by around 2050 and then falling further below net zero (meaning
that more carbon dioxide would need to be absorbed or captured from the atmosphere
than is emitted). Even the lesser target of keeping below 2 °C means reaching net zero
just 20 years later, in 2070.

Figure 12 also shows the methane reductions needed to contribute to the overall
reduction in greenhouse gases. This reduction is less drastic than for carbon dioxide but is
likely to be more challenging to achieve. About 40% of methane emissions are associated
with food production; reducing these will be difficult because it will require lifestyle
changes, with a move away from meat (particularly lamb and beef) and dairy products to a
more plant-based diet. Fortunately, some methane emissions are easier to tackle
because they are directly associated with fossil fuel use — as this falls, so will methane
emissions.

Box 2 Net zero emissions

As discussed earlier, net zero emissions are core to international climate change
agreements and many national policies. But what does net zero mean in practice?

It is fairly straightforward to define in one sentence: the point at which greenhouse
gas emissions from human activity are balanced by greenhouse gases removed
from the atmosphere by human intervention.

This balance cannot be achieved without a large reduction in greenhouse gas
emissions from human activity, and this will need to be a focus to achieve net zero.

Solutions to reduce emissions fall into several categories:

e increased efficiency — using technologies that use energy and resources more
efficiently, so that waste is reduced

e reducing and stopping deforestation
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e a ‘transition away from fossil fuels’ — rapidly increasing the use of renewable
energy sources such as wind and solar power, together with modest increases
in hydro power and nuclear electricity generation

e  behavioural changes — millions of individuals making small but significant
changes, such as moving to a more plant-based diet, using public rather than
private transport, avoiding flying and buying more refurbished or second-hand
goods rather than new ones

e carbon capture, utilisation and storage (CCUS) — capturing carbon dioxide
from power stations and industrial processes before it enters the atmosphere,
and either using it or burying it deep underground.

Although the definition of net zero refers to all greenhouse gases, in practice the
removal of these from the atmosphere centres around carbon dioxide. Methods for
increasing this side of the net zero balance include:

e planting new woodlands and forests
e restoring natural landscapes, such as wetlands
e enhancing other natural processes (known as carbon geoengineering)

Some overall removal of carbon dioxide from the atmosphere will be necessary to
offset those greenhouse gas emissions that are harder to deal with. These include
methane emissions from agriculture and carbon dioxide associated with the

production of cement. The need to combat these emissions helps to explain why, in
Figure 12, projected overall CO, emissions fall below net zero to become negative.

As described in Section 2, once carbon dioxide has been emitted into the atmosphere,
some of it will stay there for a century or more. So what will happen to the concentration of
carbon dioxide in the atmosphere if the world can move towards net zero carbon
emissions?

Figure 13(a) shows three possible scenarios for future global CO, emissions reductions.
The historical emissions (the black line on the graph) are from fossil fuel combustion and
exclude those from land use change and deforestation (as these data are less certain
than those for emissions from energy consumption). This accounts for the approximate 5
Gt difference in 2020 in Figure 13(a) compared to Figure 12. Figure 13(b) shows the
consequences for the concentration of CO, in the atmosphere of the three emission
pathways (i.e. future projections of the Keeling Curve).
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Figure 13 (a) Three possible future scenarios of global CO, emission reductions (based
on the energy sector); (b) their projected effect on the future concentration of CO, in the
atmosphere and the resulting rise in global mean surface temperature by 2100 (historical
CO, emissions and CO2 concentration data: Climate Interactive, 2023; 1.5 °C and 2 °C
emissions pathways: IPCC, 2023; CO, concentration projections: author’s estimates
using the C-ROADS climate change policy simulator)

The three scenarios shown in Figure 13 are described below.

1.

Constant CO, emissions of 37 Gt per year

If global emissions could be held at their 2022 level for the remainder of the century
(the red line in Figure 13(a)) then the Keeling Curve — atmospheric CO,
concentrations — would continue to rise at its 2022 rate (the red line in Figure 13(b)).
By 2100, the atmospheric CO, concentration would have increased by 50% from its
2022 value, reaching 630 ppm. The global mean surface temperature would then be
around 3 °C above its pre-industrial level, and still rising.

Limiting global mean surface temperature rise to 2 °C

The orange line in Figure 13(a) shows a possible emissions trajectory to achieve this.
In this scenario, CO, emissions would need to fall rapidly, down to one-sixth of their
2022 value by 2055 and reaching net zero by 2070. The Keeling Curve, shown by
the orange line in Figure 13(b), would flatten out, reaching about 470 ppm by 2100.
The global mean surface temperature rise would stabilise at approximately 2 °C
above pre-industrial levels.

Limiting global mean surface temperature rise to 1.5 °C

This will require immediate drastic cuts in emissions, as shown by the green line in
Figure 13(a). Global CO, emissions will need to be reduced by a factor of six by 2040
and down to net zero around 2050. The Keeling Curve, shown by the green line in
Figure 13(b), would peak at around 435 ppm in about 2035 and then fall slowly to
about 405 ppm by 2100. The global mean surface temperature rise would stabilise at
approximately 1.5 °C above pre-industrial levels. The effects of this are likely to be
long-lasting and the consequent environmental benefits are likely to be experienced
well into the 22nd century.
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How likely are these different scenarios? As discussed in the previous section, many
countries have committed to net zero carbon emission policies. If these ambitions are
realised, and more countries follow suit, then a future that limits warming to 2 °C or lower
could be on track. These drastic cuts in emissions, including ‘negative emissions’, will
need to happen across all sectors, but one of the most important (since it is intrinsic to our
daily lives) and largest (in terms of CO, emissions) is the energy sector. Although this —
and in particular the technology solutions — will be the focus of the next section, actions to
reduce emissions are still vital across all sectors, including agriculture.

5.3 The International Energy Agency Net Zero scenario

The global energy sector is already undergoing a transformation and starting to move
away from fossil-fuel-based electricity generation. This has been achieved by a
considerable expansion of renewable energy, especially solar and wind power, which in
turn is largely due to a rapid fall in the costs of renewable electricity generation. The mass
production of solar photovoltaic (PV) panels in China has now made the electricity from
large-scale solar PV projects cheaper than fossil-fuelled electricity in many countries.
Similarly, wind power development in Europe has made wind-generated electricity (both
onshore and offshore) cheaper than that from fossil fuels (IPCC, 2023; IEA, 2021).

The International Energy Agency (IEA) is an intergovernmental organisation that regularly
produces detailed energy statistics and economic analyses of world energy use. In their
2023 World Energy Outlook (IEA, 2023), they estimated that in 2022 over three quarters
of the world’s primary energy supply came from the fossil fuels coal, oil and natural gas
(see the pie chart in Figure 14). Renewable energy made up about 16% of the total.
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Figure 14 World energy supply in 2022 — just over three quarters fossil fuels

Their report also contained a scenario for possible future world energy use aimed at
limiting global temperature rise to 1.5 °C by 2100 (it assumed continuing world economic
growth and a slowly increasing world population). This scenario was called ‘Net Zero
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Emissions by 2050°. In addition, the scenario aimed to meet two United Nations
Sustainable Development Goals (SDGs) by 2030 (IEA, 2023, p. 88):

e  providing access to electricity for the 775 million people in the world who lacked this
in 2023

e  providing access to clean cooking for the 2.2 billion people who lacked this in 2023.

The IEA modellers worked backwards from these assumptions to produce a scenario of
possible future changes to the global energy economy and the necessary flows of
investment. Not surprisingly, this scenario requires rapid major changes. Figure 13(a)
highlights the fact that to reach net zero CO, emissions by 2050, global CO, emissions
from energy would need to fall from about 37 Gt per year in 2022 to around 6 Gt in 2040,
before reaching net zero in 2050. This is projected to limit global temperature rise

to 1.5 °C.

Reaching the less ambitious target of 2 °C by 2100 requires the same level of cuts by
2055, rather than 2040, and net zero in 2070.

What does the IEA’s ‘Net Zero Emissions by 2050’ scenario mean in terms of global
energy use? The IEA energy modellers have produced what they think is a possible world
energy supply scenario by 2040, with total CO, emissions of only 6 Gt per year. This is
shown in Figure 15.
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Figure 15 Possible world energy supply in 2040, as suggested by the International Energy
Agency in their scenario for ‘Net Zero by 2050’

In this energy mix, fossil fuels only make up 30% of the total. They are replaced by an
enormous expansion in renewable energy sources such as solar electricity and wind
power. There is also a more modest expansion of hydroelectric and nuclear power,
together with the development of carbon capture, utilisation and storage (CCUS)
technologies. These collect CO, from combustion and either bury it deep underground in
layers of water-saturated rocks called aquifers or use it in other industrial processes.

The inclusion of CCUS technology and nuclear power may seem controversial and ‘un-
environmental’ to some. However, achieving an equivalent cut in CO, emissions without
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using these technologies would require an even larger and more rapid expansion of wind
and solar power (Teske, 2019).

If this transformation in energy supply can be achieved by 2040, then the world will indeed
be on a pathway to limiting global temperature rise to 1.5 °C. If the global energy economy
cannot change so quickly, then the temperature rise is likely to be greater. To limit the
temperature rise to 2 °C, this low level of 6 Gt of CO, emissions per year needs to be
reached just 15 years later, in 2055 (see Figure 16).
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Figure 16 (a) Global CO2 emission pathways (from energy) for keeping the global
temperature rise to 1.5 °C and 2 °C (also shown in Figure 13); (b) world primary energy
consumption in 2022; (c) projected world primary energy consumption in 2040 for the IEA
‘Net Zero Emissions by 2050’ scenario. Note that CCUS stands for carbon capture,
utilisation and storage. The ‘Other renewables’ category includes hydroelectricity, energy
from waste and biomass, geothermal and solar heat. (Adapted from Climate Interactive,
2023; IEA, 2023; IPCC 2023)

This shows that there is only a small window of opportunity to act — any further delay in
these drastic CO, emission reductions could lead to a global temperature rise above 2 °C,
with the risk of dangerous climate change. Each degree (and fraction of a degree) of
warming is critical, as research has shown that the impacts from 2 °C of warming are
highly likely to be much more severe than the impacts from 1.5 °C (IPCC, 2018).

5.4 Electrification of energy services - a pathway to net
zero?

The IEA's Net Zero scenario shows an enormous ‘transition away from fossil fuels’
towards electricity. Figure 17 shows world electricity generation from 2000 onwards, split
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by energy source, with projected values as in the IEA's ‘Net Zero Emissions by 2050’
scenario. The chart indicates how much the rate of electricity generation will need to
accelerate to meet the additional demand associated with giving the population of the
whole world access to electricity (a United Nations Sustainable Development Goal) and
replacing fossil fuels used mainly for heating and transport. It is also clear from this how
rapid and significant the growth in solar and wind generation will need to be.
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Figure 17 Actual world electricity generation from 2000 to 2020 and projections from
2020 to 2040, split by energy source (adapted from Energy Institute, 2023; IEA, 2023)
Note that 1 TWh (terawatt-hour) = 1000 GWh (gigawatt-hours) = 10° kWh (kilowatt-
hours).

The scenario assumes an almost complete phase-out of fossil-fuelled electricity
generation by 2040. This also has the benefit of removing a large source of energy
wastage, since coal-fired power stations are typically only 35% efficient and gas-fired
power stations about 50% efficient. The world’s electricity demand is mainly to be met by
an enormous expansion of solar and wind power. This will require changes in government
policy and a surge of financial investment in both energy efficiency (to reduce demand)
and clean power generation.



6 Elements of the energy transition 07/11/24

6 Elements of the energy transition

In the IEA’s scenario, drastic CO, reductions will require the deployment of a large
number of different technologies by 2040. They do not all make an equal contribution and,
depending upon the particular local context, some options will be more relevant than
others. Deployment of technology will also need to be complemented by behavioural
changes.

This section only lists some of the options — there are many more.

6.1 Energy efficiency

The best practice in energy efficiency will need to be used to keep total world energy
demand down. This will include energy efficiency retrofits of a large proportion of the
existing building stock including insulation (Figure 18) and double or triple glazing.

Figure 18 Rolling out a loft insulation base layer between the ceiling joists

Also, the highest levels of energy efficiency will need to be used in industrial and

commercial processes and practices. A switch away from fossil-fuelled electricity

generation will remove a major source of energy wastage due to the poor thermal
efficiency of coal, oil and gas power stations.

Energy efficiency policies are already being implemented because they are both practical
and highly cost-effective. Although it is often said that the world will need increasing
amounts of energy for economic growth, in practice what consumers need are energy
services — for instance, being able to heat and light their homes, and to travel to work and
for leisure. The task of energy efficiency projects is to deliver the same level of service but
by using less energy. For example, most countries across the world have passed
legislation to phase out the incandescent light bulb, replacing it with more efficient LED
(light emitting diode) lighting and to promote low-energy domestic appliances such as
fridges. This is actually the cheapest way of supplying the ‘energy services’ of lighting and
chilled food storage to the public.

6.2 Heat pumps

A large proportion of the world’s fossil-fuelled heating systems will need to be replaced by
electric heat pumps. Small heat pumps are actually familiar objects. Every domestic
refrigerator uses one. They use an electric compressor to ‘pump’ heat from an evaporator
at a lower temperature (inside a fridge) to a condenser on the back of the fridge, where
heat, now at a higher temperature, is released, warming one’s kitchen in the process.

In buildings a heat pump may be used for heating or cooling (more commonly known as
air conditioning). When used for heating the evaporator, collecting low temperature heat,
is located somewhere in the external environment. An air source heat pump is likely to

have a fan coil unit, containing the evaporator, such as that shown in Figure 19.
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Figure 19 A fan-coil evaporator unit for an air source heat pump

A ground source heat pump uses pipes buried in the soil to gather low temperature heat.
These may be laid in a shallow trench, or in a deep vertical borehole that may be 10
metres or more deep. This extracts heat indirectly from the outside air via the ground.
Water source heat pumps can extract heat from rivers, the sea or outflowing sewage
water. Heat is then pumped from the outside environment, via the evaporator, to a
condenser inside the building, normally connected to a conventional central heating
system. The temperature of the heat is sufficient to be useful for heating purposes.

Heat pumps can provide between 2 and 4 times the amount of heat for the same electrical
consumption as direct electric heating. They are now widely used in Scandinavia and
becoming more common right across Europe.

6.3 Solar electricity

Solar photovoltaic (PV) electricity

Solar energy can be harnessed directly to produce electricity using solar photovoltaic (PV)
cells. They are made of specially prepared layers of semiconducting materials (usually
silicon) that generate electricity when photons of sunlight fall upon them. Where silicon is
used, it must be of an extremely high (99.9999%) purity. Since each cell only produces a
low voltage, they are normally produced in ‘modules’ or ‘panels’ containing a large
number of cells. These can range in size up to a metre square. Arrays of PV modules can
be mounted on the roofs of domestic, commercial or industrial buildings, usually providing
only some of their electricity needs. However, since 2005, an increasing proportion of
installations have been in large grid-connected ‘solar farms’. Although their use has raised
concerns about conflicts of land use for food production.
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Large-scale production of PV panels has been under way since the 1990s and volume
manufacture has resulted in falling prices. A critical factor has been the setting up, since
2005, of very large panel manufacturing plants in China and Taiwan. In 2023,
approximately 95% of solar modules and their components came from Asia, primarily
from China. China produced about 80% of PV modules and controlled more than 95% of
the market for components such as silicon ingots and wafers (Fraunhofer, 2024).

The cost of electricity from large solar PV farms has now fallen to the point where it is
highly competitive with that from fossil-fuelled generation (even in the UK). The result has
been an extraordinary global growth in PV electricity generation right around the world.
Between 2010 and 2023 it increased by a factor of nearly 50, an annual compound growth
rate of 35% (Energy Institute, 2024). In 2023, PV electricity supplied over 5% of world
electricity demand, including almost 5% of that in the UK.

Silicon PV panels have a limited efficiency, only turning about 17% of the incident light into
electricity, so large areas are required to produce appreciable quantities of electricity.
Considerable ingenuity is being used to finding suitable spaces, such as the large PV
array on the roof of London’s Blackfriars railway station (Figure 20).

Figure 20 London’s Blackfriars railway station has 6000 square metres of PV panels on its
roof, supplying roughly a half of its electricity demand.

The world’s latest large-scale solar PV projects are in desert areas and on an
extraordinary scale. In India, the Bhadla solar park in the Rajasthan desert covers 56 km?,
and has an installed generating capacity of over 2200 MW. Similar sized projects are
under construction in China, Egypt and the United Arab Emirates. PV is also very useful
on a much smaller scale, particularly when coupled with reliable rechargeable batteries.
‘Off-grid’ PV can supply electric light to many regions of the world beyond the reach of
electricity grids, such as sub-Saharan Africa.

Concentrated solar power (CSP)

PV supplies the bulk of the world’s solar electricity. However, in many sunny countries, the
Sun’s rays are strong enough to allow the production of high-temperature steam using
arrays of concentrating mirrors. This can then power steam turbines for electricity
generation. Such concentrated solar power (CSP) systems using parabolic mirrors
have been operational in California since the 1980s and are now regarded as a ‘mature
technology’. More recently, large ‘power tower’ systems using steerable arrays of flat
mirrors called heliostats have been built in the USA, Spain, the Middle East and China
(see Figures 21 and 22).
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Figure 21 Principle of a central receiver ‘power tower’ CSP system
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Figure 22 The Andasol PS10 and PS20 CSP systems near Seville, Spain. Installed
between 2009 and 2011, they have generating capacities of 10 MW and 20 MW,
respectively

The large size of the systems (10 MW or more) is a result of the use of ‘standard’ steam
turbines, as manufactured for fossil-fuelled industrial power plants. CSP requires clear
skies to operate, unlike the rival photovoltaic panels which can also produce electricity
under cloudy conditions. However, CSP plants, being thermal, have a certain flexibility of
operation. The most important addition is heat storage using a molten salt such as sodium
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or potassium nitrate. This potentially allows continuous solar-powered electricity
generation right through the day and night.

Future growth

Electricity from CSP is more expensive than that from PV, so most of the future solar
growth is likely to be in PV. Projections of future PV deployment see continued rapid
growth.

The International Energy Agency (IEA) in its 2023 World Energy Outlook suggests that

world PV electricity might increase ninefold from its 2022 value by 2040 (IEA, 2023). It

could then be supplying over a quarter of the world’s electricity. However, meeting a ‘Net
Zero by 2050’ target requires even faster growth. That shown in Figure 17 requires that
the annual amount of electricity generated globally by both solar PV cells and CSP plants
should increase by a factor of almost 20 by 2040. Globally, these systems could cover

about 70 000 km?, equivalent to about one third of the area of the UK.

6.4 Wind Power

When solar radiation enters the Earth’s atmosphere 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 used for centuries. But the use of modern wind turbines for electricity generation
has been growing rapidly since the 1970s, following pioneering work in Denmark. The
size and power of land-based turbines has increased from machines producing 100 kW in
the 1980s up to over 5 MW today (2024).

UK wind power has increased dramatically since the early 1990s, initially with onshore
wind farms. The Ardrossan wind farm in Scotland constructed in 2004 (see Figure 23) is a
typical UK example. It is equipped with 2 MW turbines with blades 40 metres long and
these turbines are expected to continue operating into the 2030s. The photograph does
demonstrate the visual impact, which has given rise to planning objections elsewhere.

Figure 23 Ardrossan Wind Farm, Scotland, completed in 2004, is equipped with 2 MW
turbines

A significant development came in 2002 with the construction of the first large-scale
offshore wind farm in Denmark. Offshore construction is more difficult than for onshore
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wind farms, but the expertise of the oil and gas industry in constructing offshore structures
has proved very useful. Placing turbines offshore has many advantages:

e they can intercept stronger winds, both by virtue of being out at sea, and also by
being taller

e single turbines can be physically larger; the largest 15 MW designs have blades over
100 metres long

« ifthey are manufactured at waterside locations, they can be moved to wind farm sites
by ship
e« they can be freed of some objections of visual intrusion in landscapes.

Since 2005 there has been extensive development of offshore wind power in the UK,
Denmark and Germany. In 2023 the UK obtained nearly 30% of its electricity from wind
power, with an increasing proportion coming from offshore sources (DESNZ, 2024).

There is plenty of scope for further expansion. The UK resource for offshore wind turbines
mounted on the seabed is larger than the country’s total 2023 electricity demand. The
world resource for land-based turbines alone is several times current world electricity
generation.

Wind power is now the world’s second-fastest-expanding source of electrical energy (after
solar PV), having achieved a growth rate of over 15% per annum between 2010
and 2023. In 2023 it supplied nearly 8% of the world’s electricity.

The IEA’s Net Zero by 2050 scenario requires a continuing high growth rate. The amount
of electricity generated globally from wind power (onshore and offshore) needs to
increase from its 2022 value by a factor of 8. If this was all done using offshore wind
turbines, globally it would require an area of sea roughly equal to three times that of the
North Sea.

This video visits a wind turbine in the Hornsea 1 wind farm in the North Sea, 75 miles off
the Yorkshire coast. The wind farm was completed in 2020 and can produce over a
gigawatt of electricity. Each 7 megawatt turbine has blades 75 metres long (and the
turbines for more recent offshore wind farms are even larger!) The video demonstrates
the sheer scale of the wind turbines and gives a sense of the engineering expertise
required to construct them in a relatively hostile environment.

View at: youtube:HhMVwTGQJzA

O

Video 1: | climbed 623 feet to the top of a wind turbine! | Powering Britain

6.5 Hydrogen

Hydrogen (H,) is a clean-burning fuel, whose only combustion product is water. It is
currently produced for industrial processes (particularly agricultural fertiliser manufacture)
by a range of processes and they are increasingly being described in terms of their
‘colour’:

e black hydrogen is produced from coal
e grey hydrogen is produced from natural gas

e blue hydrogen is produced from natural gas but using carbon capture and storage
(see section 6.10) to reduce the overall CO, emissions
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e green hydrogen is produced using renewable energy (usually by the electrolysis of
water)

 pink hydrogen is produced from nuclear electricity, again by the electrolysis of
water.

Hydrogen is currently being used in transport applications using fuel cells. These can be
thought of as a form of ‘gas battery’ which produces electricity when fed with a supply of
hydrogen and oxygen (from the air). Fuel cell powered electric buses are currently (2024)
widely in use in cities such as London. In Germany some rural train services now use
hydrogen fuel cells to provide their power. Although some fuel cell cars have been
produced, so far their use has been limited by the need to provide adequate hydrogen
filling points at conventional petrol filling stations.

Hydrogen could potentially be used as a domestic piped heating fuel substituting for
natural gas, but it is more likely that electric heating using heat pumps will dominate in
the UK.

Its most important role is likely to be as a form of energy storage to cover periods when
solar and wind powered electricity supplies are not adequate. A whole infrastructure will
need to be developed for converting surplus renewable (and nuclear) electricity into
hydrogen by the electrolysis of water. This will need to be coupled with large scale
hydrogen storage and large scale electricity generation using hydrogen. This is likely to
use combined cycle gas turbine (CCGT) technology, as currently used in natural gas
fuelled power stations.

6.6 Replacement of fossil fuelled road vehicles

In 2023 road transport, which is almost totally fuelled by fossil petroleum, contributed 16%
of global CO, emissions (IEA, 2023). In order to cut global CO, emissions by a factor of
six by 2040, the bulk of the world’s fleet of fossil fuelled road vehicles will need to be
replaced with battery electric or hydrogen powered vehicles.

The performance of battery electric vehicles (BEVs) has advanced significantly with the
development and large scale manufacture of light-weight lithium-ion batteries.

Many countries have announced a ban on the sale of new fossil-fuelled cars (from 2030 in
the UK) and schemes for promoting sales of electric replacements. Globally the sales of
electric vehicles have matched the growth rates of solar power. Electric car sales in 2023
were 3.5 million higher than in 2022, a 35% year-on-year increase. In 2023, there were
over 250 000 new registrations per week, which is more than the annual total in 2013, ten
years earlier. Electric cars accounted for around 18% of all cars sold in 2023, up from 14%
in 2022 and only 2% in 2018 (IEA, 2024).

In the International Energy Agency’s Net Zero scenario, electric car sales need to reach
around 65% of total car sales by 2030. To get on track with this scenario, electric car sales
must increase by an average of 23% per year from 2024 to 2030.

6.7 Hydroelectric power

Water power is another energy source that has been harnessed for many centuries for
pumping, milling corn and driving machinery. The original source of this water flow is solar
energy, warming the world’s oceans and causing evaporation. In the atmosphere, this
forms clouds of moisture which eventually fall back to Earth in the form of rain or snow.
The water then flows down through streams and rivers, where its energy can be
harnessed using water wheels or turbines to generate power. Since the beginning of the
20th century, its main use has been in the generation of hydroelectric power. Its use has
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grown, in 2023 globally supplying about 14% of the world’s electricity (Energy
Institute, 2024).

When harnessed on a small scale, hydroelectric plants create few adverse environmental
impacts. However, many installations have been built on an enormous scale, for example
the world’s largest scheme, the 22.5 gigawatt Three Gorges Dam in China. Such
schemes have involved the building of massive dams and the flooding of extremely large
areas of land. This particular scheme has required the relocation of 2 million people and
considerable disturbance to the fish population in the river. The flooding can also result in
methane emissions from rotting vegetation, meaning that hydro power is not a totally
‘climate friendly’ technology.

What of the future? The world’s hydro resource is estimated to be about four times current
hydroelectricity production. However, developing this potential may not be easy. For
example, the construction of large dams on rivers where they flow from one country to
another can give rise to international disputes over rights to water.

The International Energy Agency’s ‘Net Zero by 2050’ scenario projects an increase in the
global amount of hydroelectricity but only to about 70% above its 2022 value.

6.8 Nuclear power

Nuclear power is a mature technology and a low-carbon energy source. In contrast to the
variable output of wind turbines and solar PV it produces a continuous supply of electricity.
In 2023 it supplied about 9% of the world’s electricity, and about one seventh of that of the
UK (Energy Institute, 2024).

Can nuclear power make a major future contribution to reducing world CO, emissions?
Opinions are divided. Its role may be limited for several reasons:

 Resource limitations on the potential supply of uranium fuel for conventional ‘burner’
reactor designs. This problem could be solved by the development of fast breeder
reactors. However, these involve the separation of plutonium, which could (but not
easily) be used in the manufacture of nuclear weapons. This may thus be a
technically feasible solution but one that may be politically unacceptable.

«  Environmental objections to its use, particularly for the lack of a demonstrated policy
for the long-term storage of nuclear waste.

e Unfavourable economics. Nuclear power has not seen the dramatic cost reductions
of wind or solar power since 2010. In Europe, two reactors under construction,
Olkiluoto 3 in Finland and Flamanville 3 in France, have suffered from long delays
and cost overruns.

The IEA's Net Zero by 2050 scenario requires a doubling of world nuclear generated
electricity by 2040, which would only maintain its percentage contribution to global
electricity at 9%. Other scenarios for both the UK and the world (for example Teske, 2019)
see a complete phase-out of nuclear power in the future, with a concentration on
renewable energy.

6.9 Biofuels

Biofuels are fuels produced directly or indirectly from biomass (i.e. living organic
materials), including plants and animal waste.

. Gaseous biofuels

o Animal wastes and wet food waste can be subjected to anaerobic digestion in
closed tanks (i.e. without the presence of oxygen), producing a methane/CO,
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mixture called biogas. This is widely used as a clean cooking fuel in rural parts
of China. The anaerobic digestion of urban sewage is widely carried out to
produce sewage gas, usually used to provide electricity and heat for the
operation of sewage and water treatment works.

o The International Energy Agency’s ‘Net Zero by 2050’ scenario sees a 10-fold
expansion in the use of gaseous biofuels by 2040, particularly to help provide a
clean cooking fuel to the 2.2 billion people worldwide in need of this.

e  Liquid biofuels

o Renewable liquid biofuels can be produced from biomass. They are widely used
for transport applications in spark petrol engines in the form of methanol,
ethanol and butanol (all types of alcohols). Methanol can be produced from
wood. Ethanol and butanol can be produced by the fermentation of sugars and
starch. Ethanol is the most commonly used, usually blended with petrol. In the
UK E10 petrol is a blend containing 10% ethanol. Biodiesel can be produced
simply from vegetable oils and used in conventional road diesel engines,
usually blended with conventional diesel fuel. In 2022 liquid biofuels made up
about 4% of world transport fuel consumption.

o Overall, liquid biofuel use is potentially controversial. It has been promoted,
particularly in the USA and Brazil, as a way of avoiding oil imports. It can,
however, be seen as being in competition with the use of crops for food. The
IEA’s ‘Net Zero by 2050’ scenario requires three times the 2022 consumption of
liquid biofuels for transport. Any future major global expansion of biofuel use
may thus require diet changes away from meat consumption to free up the
necessary land required.

6.10 Carbon capture, utilisation and storage (CCUS)

This technology collects the CO, from fuel combustion in factories or power stations and
either buries it deep underground (a process called sequestering) or uses it in other
industrial processes.

There are many possible locations for sequestering the CO,. One is in the many large,
deep, saline aquifers (i.e. porous rock layers containing salty water) that lie beneath the
Earth’s surface. It must be said that the large-scale deployment of this technology is still in
its infancy.

One example is at the offshore Sleipner natural gas field, halfway between the UK and
Norway and operated by the Norwegian company Equinor. The gas in the Sleipner field is
‘acid’, i.e. it has a high (natural) CO, content, which must be separated out in order to
make the gas saleable. Sequestration is used rather than releasing it into the
atmosphere in order to avoid payment of Norway’s national carbon emission tax. The CO,
is buried in a saline aquifer, the Utsira formation, 800-1000 m beneath its North Sea
production platform. Since 1996 the company has sequestered over 20 million tonnes of
CO,. Equinor has calculated that the Utsira formation alone might be used to store some
600 gigatonnes of CO,, equivalent to more than 15 years of global anthropogenic CO,
emissions.

6.11 Lifestyle changes

In order to reach a net zero target many changes in lifestyle will also need to be taken into
account, for example in diet and in modes of transport.
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« Diet: Agriculture is responsible for about a third of anthropogenic methane
emissions, particularly from ruminant livestock such as sheep and cattle. A move to a
more vegetarian diet, away from meat and dairy products should reduce global
methane emissions. It will also free up land for increased reforestation and biofuel
production.

e  Transport: Cutting CO, emissions will require a move away from individual car use to
less energy-intensive modes such as walking, cycling and public transport. New low-
carbon aircraft fuels will need to be developed. Until this is done there will need to be
less flying.

6.12 Net zero and the importance of trees

Net zero does not only mean the deployment of technology options to reduce the
emissions of greenhouse gases caused by human activities. Alongside these actions is
the requirement to enhance the uptake of CO, from the atmosphere and thus reduce
atmospheric CO, concentrations. Trees and the world’s forests are a key element of this.

As explained in Section 2, the carbon dioxide in the Earth’s atmosphere is part of an
overall carbon cycle. CO, is continuously being emitted into the atmosphere by processes
such as the burning of fossil fuels, but it is also continuously being removed. One of the
most important mechanisms is the absorption of CO, during photosynthesis by plants on
land.

When a plant grows, it absorbs CO, from the air and the carbon is chemically
incorporated into the plant as carbohydrates. In trees (Figure 24) some carbon will be
turned into wood and remain locked up in it for the whole of its life. The world’s forests
contain about the same amount of carbon as is present as CO, in the atmosphere.

Figure 24 A large tree, when fully grown, may contain several tonnes of carbon

The simplest (and cheapest) ways to increase the rate of removal of CO, from the
atmosphere are to:

o stop deforestation
e restore the world’s forests by planting more trees.

The areas required are large. In the UK, converting one square kilometre of grassland to
forest with broadleaved trees, such as oak or beech, is likely to result in the uptake of
about 600 tonnes of CO, per year (Matthews et al., 2022). This value will vary depending
on the type of forest. Thus, at the global scale, absorbing a gigatonne of CO, per year
would require reforesting an area roughly seven times the total area of the UK.

Wood is also a very useful material. If it is used as a construction material, for example in
housing, its carbon content will remain in storage out of the atmosphere for the life of the
building, which in some cases can be considerable. The Horyu-ji temple in Japan
(Figure 25) is thought to be the oldest surviving wooden structure in the world. It was built
1300 years ago and was constructed from trees that were 2000 years old when felled.
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Figure 25 The 1300-year-old Horyu-ji temple complex in Japan

So how much difference would it make if everyone in the world planted a tree? This video
gives you a chance to consider what would happen.

View at: youtube:EKMjXGUT6EBA

@®

Video 2: What if everyone planted a tree?
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Conclusion
In this course:

e Section 1 has described the basic principles of the greenhouse effect, the action of
greenhouse gases and how the temperature of the Earth’s surface has been
maintained at the ‘right temperature’ for life to develop.

e  Section 2 has described the principles of the global carbon cycle, and how this has
been disturbed by human influences, particularly the large scale burning of fossil
fuels. This has led to a rising concentration of carbon dioxide in the atmosphere
resulting in additional warming of the whole planet and climate change.

e  Section 3 has described two major causes for concern: the rapid rise in global mean
surface temperature, particularly since the 1970s, and the increase in extreme
weather events.

e  Section 4 described the international climate talks that have been taking place since
the 1990s, and their role in shaping national policies to keep the global temperature
rise to ‘well below 2°C’ by 2100.

e  Section 5 described scenarios for the large and rapid reductions in emissions of
greenhouse gases that will be needed in the next few decades. It also described how
there will need to be a major ‘transition away from fossil fuels’ towards renewable
energy, particularly solar and wind power.

e  Section 6 described a range of technological (and other) options that will need to be
deployed to cut greenhouse gas emissions. These include the wide-spread
deployment of energy efficiency and the replacement of fossil fuelled heating and
road transport with heat pumps and battery electric vehicles. There will need to be an
enormous expansion of renewable electricity generation, particularly from solar and
wind power.

This video summarises the material in this course. It can be viewed at one time or as two
sections. The first part recaps Sections 1 to 3 of this course. The second part recaps
Sections 5 and 6.

Video content is not available in this format.
Video 3: From COP promises to a net-zero pathway.

From COP promises
to a net-zero pathway

The Open
g University
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This free course is an adapted extract from the Open University course U116
Environment: journeys through a changing world.
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End of course quiz

1. The Earth radiates heat into outer space by emitting what form of radiation?

o
O
O

2
o
o
o

3

infra-red radiation
Ultraviolet radiation
radio waves

. If the Earth did not have any atmosphere what would its surface temperature be?
-57 °C
-18 °C
+ 50 °C

. In global warming terms, how much more potent is methane than carbon dioxide

as a greenhouse gas?

O
o
(@)

0 O O O, O O O >

o 0 0 &

7.

5 times
10 times
20 times

. Plants absorb carbon dioxide from the atmosphere as a result of which process?
Photosynthesis
Respiration
Decomposition

. Microscopic floating plants in the oceans are called:
Zooplankton
phytoplankton
nematodes

. A gigatonne is equal to
a million tonnes
1000 million tonnes
a million million tonnes

In pre-industrial times the concentration of carbon dioxide in the atmosphere has

been estimated to be:

o
o
O

8

280 parts per million
200 parts per million
420 parts per million

. Global warming over the years between 1951-80 and 2015-2019 has not been

uniform over the globe. Which area has seen the largest temperature rise?

O
o

the Antarctic
the Equator
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o the Arctic

9. The acronym IPCC stands for

o Intergovernmental Panel on Climate Change

O International Protocol for Climate Correction

o Intergovernmental Process for Climate Correction

10. The acronym COP stands for:

o Committee of Progress

o Conference of the Parties

o Climate Organisation Participants

11. At which COP meeting did the participants first agree that the global temperature
rise should be limited to ‘well below 2 °C’?

o Paris in 2015
o Glasgow in 2022
O Dubai in 2023

12. In order to limit the global temperature rise to 1.5 °C anthropogenic CO,
emissions will need to fall by a factor of six by what date?

o 2040
o 2055
o 2100

13. In 2022 fossil fuels made up what proportion of the world’s primary energy
consumption:

o 30%
o Just over three quarters
o 85%

14. In 2022 the concentration of carbon dioxide in the Earth’s atmosphere was 420
parts per million and rising. To what level will it need to be limited by 2100 to keep
the global average temperature rise to only 2°C above pre-industrial levels?

O 470 ppm
o 520 ppm
o 550 ppm

15. In the International Energy Agency’s Net Zero by 2050 scenario, what proportion
of the world’s primary energy consumption is made up of fossil fuels in 20407

o 20%
o 30%
o 40%

16. How much of the world’s electricity did solar power provide in 20237
0 0.1%

o 1%

o over 5%
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17. How long are the blades on the turbines at the Ardrossan wind farm?
o 30 metres
O 40 metres
O 50 metres

18. Hydrogen produced from different sources can be described by its ‘colour’.
What is blue hydrogen?

o Hydrogen produced from coal.
o That produced from natural gas, but using CCS to cut CO, emissions.
O Hydrogen produced from renewable energy.

19. Roughly how many people were displaced by the construction of the Three
Gorges Dam hydroelectric dam in China?

o 500,000
o 2 million
o 5 million

20. According to the Norwegian company Equinor/Statoil, the Utsira saline aquifer
formation is sufficiently large to absorb how many gigatonnes of CO,?

o 10 gigatonnes
o 600 gigatonnes
o 1000 gigatonnes
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This can also be called the enhanced greenhouse effect. That part of the greenhouse
effect that can be attributed to human action (for example, burning fossil fuels,
deforestation). See greenhouse effect.

battery

A device for storing electrical energy in a chemical form and supplying electric current.
It usually consists of one or more electrical cells connected together in series.

battery electric vehicles

(BEVs) A vehicle that runs on electricity drawn from a battery (as opposed to a fuel
cell).

biofuels

These are fuels produced directly or indirectly from living organic material — biomass,
including plant materials and animal waste.

biomass

Materials such as wood, plant, animal waste, etc. that (unlike fossil fuels) were living
matter relatively recently. Traditional biomass refers to biomass resources that are not
formally traded, in contrast to new biomass.

black hydrogen
Hydrogen produced from coal. That from other sources is assigned different ‘colours’.
blue hydrogen

Hydrogen produced from natural gas but using carbon capture and storage to reduce
the associated CO, emissions.

carbohydrates

(CHOs) Collective name for many organic compounds made from carbon, hydrogen
and oxygen, e.g. starch, sugars, cellulose; one of the major food groups.

carbon capture, utilisation and storage (CCUS)

Techniques to separate carbon from fossil fuels when they are used to provide energy
for any purpose, but particularly for power stations and energy-intensive industries.
Carbon can be removed from the fuel before combustion or from the waste gases after
combustion. In both cases it is extracted in the form of carbon dioxide, which is then
transported to a storage site, such as a depleted oil or gas reservoir, for long-term
burial.

carbon cycle

The movement of carbon between reservoirs such as the atmosphere, organisms, soil,
and some rocks.

carbon dioxide

A naturally occurring chemical compound consisting of carbon and oxygen. A molecule
of carbon dioxide consists of one atom of carbon and two atoms of oxygen with a
chemical formula of CO,. Carbon dioxide is produced in respiration and from the
burning of carbon-intensive fossil fuels and consumed in photosynthesis. Carbon
dioxide is the most important greenhouse gas released as a result of human activity.

concentrated solar power (CSP)

The use of sunlight to generate high-temperature steam by means of an array of
mirrors. The steam then drives a turbine in the usual way.

copP

Conference of Parties — the yearly conference where the signatories of the United
Nations Framework Convention on Climate Change (UNFCCC) meet.
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electrolysis

The chemical decomposition of a liquid or solution that occurs during the conduction of
electricity.

energy services

The ultimate aims for which energy systems are built: warm homes, cooked food,
illumination, mobility and manufactured articles.

environment
The surroundings and influences on living things including humans.
excreta

The compounds disposed of by organisms in liquid, solid or gaseous form that are no
longer needed or are harmful.

fertiliser
Any material used by humans as a source of plant nutrients.
fossil fuel

Buried fuels derived from past living plant and animal materials that have been
modified and buried by geological processes, for example coal, oil or gas. The burning
of fossil fuels causes carbon dioxide emissions and is the major cause of climate
change.

fuel cell

A device for producing an electric current by means of what is essentially the reverse
process to electrolysis — combining two gases (typically hydrogen and oxygen) to
produce electricity.

gigatonne

Giga is the prefix for 10° so one gigatonne is the same as 1000 megatonnes or a billion
tonnes.

global warming

The rising average world temperature, often measured by the global mean surface
temperature. Within this average it will still be possible for countries and regions to
have colder weather.

global mean surface temperature (GMST)

This is a measure of the global average temperature of the Earth, measured near the
surface. It is an average of (a) the sea surface temperature and (b) the air temperature
measured 1.5 metres above ground, weighted for area.

Global Warming Potential

Global Warming Potential (GWP) is a relative measure of how much heat a greenhouse
gas traps in the atmosphere. It compares the amount of heat trapped by a certain mass
of the gas in question to the amount of heat trapped by a similar mass of carbon
dioxide.

greenhouse effect

Natural mechanism, now modified by human activity, whereby solar radiation is trapped
by carbon dioxide and other greenhouse gases in the Earth’s atmosphere, similar to
the way in which heat is trapped by glass in a greenhouse.

greenhouse gases

(GHG) Gases, including carbon dioxide, water vapour, methane and nitrous oxide, that
interact with infra-red radiation and when present in the atmosphere have the effect of
warming the global climate. Without naturally occurring greenhouse gases the Earth’s
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temperature would be several tens of degrees Celsius colder than it is now (and life
would not have evolved in its current form).

green hydrogen

Hydrogen that has been produced from renewable energy sources with minimal
associated carbon dioxide emissions.

grey hydrogen

Hydrogen produced from natural gas, but without any use of carbon capture and
storage to reduce the consequent CO, emissions.

heat pump

A device that ‘pumps’ heat from a cooler region into a warmer one, thus providing either
warming or cooling to a living space. In an air-source heat pump (ASHP) the heat is

taken directly from the air, while in a ground-source heat pump (GSHP) it comes from
the soil but indirectly from the air.

hydroelectric power

Power harnessed from converting the energy coming of running water into electrical
energy.

IEA

International Energy Agency
infra-red radiation

Electromagnetic radiation with a wavelength longer than visible light.
IPCC

The Intergovernmental Panel on Climate Change was established in 1988 by the World
Meteorological Organisation (WMO) and the United Nations Environment Programme
(UNEP). Its purpose is to provide scientific and technical advice to the United Nations
Framework Convention on Climate Change (UNFCC) and assess current information
on climate change, its impacts and how to mitigate (reduce) the effects and/or to adapt
to it. It produces authoritative reports on these matters approximately every five years.

Keeling Curve

The graphical record of the rise of carbon dioxide concentration in the atmosphere from
1958 to the present from the Mauna Loa Observatory in Hawaii. It is named after
Charles Keeling, the scientist who established the observations.

Kyoto Protocol

An international agreement stemming from the 1997 climate change conference held in
the Japanese city of Kyoto. Under this protocol, developed countries (except the USA
and Australia) in 2005 agreed a legally-binding obligation to reduce their overall
emissions of greenhouse gases, contributing to climate change by 5.2% between
2008 and 2012, based on 1990 emissions. The agreement refers to a basket of the six
main human-induced greenhouse gases, particularly carbon dioxide. Australia finally
signed the treaty in 2007. In 2012, the Protocol was extended until 2020 to provide
more time for international agreement on a successor commitment.

leaf litter
A habitat formed of dead and decaying leaves and other organic material.
LED

Light emitting diode (LED) lamps are based on the properties of materials called
semiconductors. They have many advantages over incandescent light sources,
including lower energy consumption, longer lifetime, improved physical robustness,
and smaller size.
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mass extinction

During the course of the history of life on Earth there have been several occasions
when a large proportion of all species and many higher groupings of organisms have
become extinct in a comparatively short geological time. The specific causes are not
clear and may be different in each case, but the five or more occasions of mass
extinction all took place when there were major changes to the Earth’s systems: the
oceans, ice, atmosphere, land and ecosystems. There is concern that human activity is
now in danger of leading to another mass extinction.

methane

A hydrocarbon that is a constituent of natural gas. Also produced by decomposing
organic waste such as domestic refuse and by digestion processes in animals.
Methane is a potent greenhouse gas and has a chemical formula of CHy,.

micro-organisms

Very small (usually single-celled) organisms only visible with a microscope,
e.g. bacteria.

nationally determined contributions (NDCs)

The climate pledges (in terms of reductions in greenhouse gases) that countries made
at the United Nations Climate Change Conference held in Paris, France in
December 2015. Previously known as intended nationally determined contributions
(INDCs).

net zero

Net zero emissions (also referred to as zero emissions or carbon neutral) are achieved
when greenhouse gas emissions are balanced by technologies or practices that
remove emissions from the atmosphere, resulting in a sum total of zero.

nitrous oxide

A colourless gas used as an anaesthetic. It occurs naturally in the atmosphere and is
mainly formed by soil bacteria decomposing nitrogen-containing material. Agricultural
practices affect its release into the atmosphere where it is a greenhouse gas (N,O)

photosynthesis

The process in which green plants (and a few other organisms including plankton) in
the presence of sunlight use carbon dioxide and water to produce carbohydrates and
oxygen.

phytoplankton

Very small plants (many are microscopic) that drift passively in the sea or in lakes.
pink hydrogen

Hydrogen produced by the electrolysis of water using nuclear electricity.
primary energy

The total energy content of an energy resource before that energy is extracted/
transformed/processed. Primary energy is the starting point for an energy transfor-
mation system: the incoming ‘amount we have to work with’ before it is acted upon by
power stations.

renewable energy

Energy based on a naturally occurring and replenished source, such as sunlight, wind,
biomass, waves or tides.

respiration
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The process whereby living organisms convert stored organic carbon compounds into
carbon dioxide and other compounds, in the process releasing energy and taking up
oxygen.

ruminants

Even-toed hoofed mammals with a complex 3- or 4-chamber stomach. Ruminants are
herbivores (only eat plants), and their digestion creates methane which is exhaled or
belched. Ruminants include cattle, sheep, antelopes, deer and giraffes.

sequestration
The very long-term storage of CO, or solid carbon in isolation from the atmosphere.
spectrum

The electromagnetic spectrum is the range of wavelengths or frequencies over which
electromagnetic radiation extends.

ultraviolet

(UV) This is an electromagnetic radiation with a wavelength shorter than that of infra-
red radiation, visible light but longer than than that of X-rays.

water vapour

Water in the state of a vapour (similar to a gas). It is present in the atmosphere in
variable amounts, typically about 3% of the dry atmosphere and plays an important role
in the water cycle, in cloud formation and controlling the distribution of heat through the
atmosphere.

zooplankton

Very small animals (many are microscopic) that drift passively in the sea or in lakes.
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