


Green Energy and Technology



Patrick Moriarty  Damon Honnery 

Rise and Fall  
of the Carbon Civilisation 

Resolving Global Environmental  
and Resource Problems 
 
 
 
 
 
 
 
 
 
 
 
 
 

123



Patrick Moriarty, PhD 
Monash University-Caulfield Campus 
Department of Design 
P.O. Box 197 
Caulfield East 
3145 Victoria  
Australia 
patrick.moriarty@artdes.monash.edu.au 
 

Damon Honnery, PhD 

  

Monash University-Clayton Campus 
Department of Mechanical 
and Aerospace Engineering 
P.O. Box 31 
Clayton 
3800 Victoria 
Australia 
damon.honnery@eng.monash.edu.au 

ISSN 1865-3529 
ISBN 978-1-84996-482-1  e-ISBN 978-1-84996-483-8 
DOI 10.1007/978-1-84996-483-8 
Springer London Dordrecht Heidelberg New York 
 
British Library Cataloguing in Publication Data 
A catalogue record for this book is available from the British Library 
 
Library of Congress Control Number: 2010935691 
 
© Springer-Verlag London Limited 2011 
 
Apart from any fair dealing for the purposes of research or private study, or criticism or review, as
permitted under the Copyright, Designs and Patents Act 1988, this publication may only be
reproduced, stored or transmitted, in any form or by any means, with the prior permission in writing of
the publishers, or in the case of reprographic reproduction in accordance with the terms of licences
issued by the Copyright Licensing Agency. Enquiries concerning reproduction outside those terms
should be sent to the publishers. 
The use of registered names, trademarks, etc. in this publication does not imply, even in the absence of
a specific statement, that such names are exempt from the relevant laws and regulations and therefore
free for general use. 
The publisher makes no representation, express or implied, with regard to the accuracy of the
information contained in this book and cannot accept any legal responsibility or liability for any errors 
or omissions that may be made.   
 
Cover design: eStudioCalamar, Girona/Berlin 
 
Printed on acid-free paper 
 
Springer is part of Springer Science+Business Media (www.springer.com) 



v 

Acknowledgments 

Patrick Moriarty acknowledges the financial support of the Australasian Centre for 
the Governance and Management of Urban Transport (GAMUT), based at the 
University of Melbourne, for the research which underpins this book. GAMUT is 
in turn funded by the Volvo Research and Education Foundations. He would also 
like to thank the Maintenance Technology Institute and the Department of Design, 
both at Monash University, for providing him with accommodation during the 
research for, and writing of, this book, and Geraldine, for proof-reading all the 
chapters.  

Damon Honnery would like to thank his colleagues and graduate students, 
especially Varun Rao, at the Laboratory for Turbulence Research in Aerospace 
and Combustion, Monash University, for their many helpful discussions and 
suggestions. 



 

vii 

Contents 

1 The Problems We Face ..........................................................................  1 
1.1 Introduction...................................................................................  1 
1.2 Assessment of Technology Is Often Over-optimistic....................  2 
1.3 An Earth Systems Science Approach Is Needed...........................  4 
1.4 Uncertainty About the Future Is Increasing ..................................  5 
1.5 Equity Issues Are Central in a Finite World .................................  7 
1.6 Energy Is Vital for Economies ......................................................  8 
1.7 Time to Make the Needed Changes Is Limited .............................  9 
1.8 Proposed Solutions Can Often Make Matters Worse....................  10 
1.9 A New Approach to Economics Is Needed...................................  11 
References ................................................................................................  12 

2 Global Climate Change ..........................................................................  15 
2.1 Introduction...................................................................................  15 
2.2 The Science of Global Warming...................................................  16 

2.2.1 The Science Basics ..........................................................  16 
2.2.2 Mathematical Models and the Temperature Record ........  19 
2.2.3 Greenhouse Gases and Their Anthropogenic Sources .....  21 
2.2.4 Learning from the Past.....................................................  24 
2.2.5 The Polar Regions Are Critical........................................  26 

2.3 What Impacts Can We Expect?.....................................................  27 
2.4 What Should We Do?....................................................................  29 

2.4.1 Mitigation ........................................................................  29 
2.4.2 Adaptation .......................................................................  31 

2.5 Climate Change, the Public and Policy-making............................  32 
2.6 Closing Comments ........................................................................  34 
References ................................................................................................  34 



viii Contents 

3 Earth’s Resources Are Finite ................................................................  37 
3.1 Introduction...................................................................................  37 
3.2 Earth’s Energy Flows....................................................................  38 
3.3 Fossil Fuels Availability ...............................................................  40 
3.4 Mineral Resource Availability ......................................................  44 
3.5 Humans in the Biosphere ..............................................................  48 

3.5.1 World Population Growth 
and Food and Water Availability.....................................  48 

3.5.2 Declining Ecosystem Service Provision..........................  52 
3.5.3 Declining Species Diversity ............................................  54 

3.6 Living Sustainably in the Anthropocene Epoch............................  55 
References ................................................................................................  55 

4 Uncertainty in Global Environmental and Resource Problems .........  59 
4.1 Introduction...................................................................................  59 
4.2 Uncertainty, Prediction and Climate .............................................  60 

4.2.1 Uncertainty and Prediction: General Considerations.......  61 
4.2.2 Uncertainty in Climate Prediction ...................................  62 
4.2.3 Effects of Climate Uncertainty ........................................  64 

4.3 Uncertainty in Resource Estimates and Availability.....................  65 
4.4 Responses to Uncertainty..............................................................  67 

4.4.1 The Future Is Determined: An IIASA Approach.............  67 
4.4.2 Expert Solicitation and Delphi Analysis..........................  69 
4.4.3 Scenario Analysis ............................................................  70 
4.4.4 The Precautionary Principle ............................................  71 

4.5 Responding to a New, More Uncertain, Future.............................  72 
References ................................................................................................  75 

5 Renewable Energy: Too Little, Too Late? ...........................................  79 
5.1 Introduction...................................................................................  79 
5.2 Biomass Energy ............................................................................  80 
5.3 Hydropower ..................................................................................  83 
5.4 Geothermal Energy .......................................................................  84 
5.5 Wind Energy .................................................................................  86 
5.6 Solar Energy..................................................................................  90 
5.7 Ocean Energy................................................................................  93 
5.8 Comparison of RE Sources ...........................................................  95 
5.9 Renewable Energy in the Future ...................................................  97 
References ................................................................................................  98 

6 Nuclear Energy: The Ultimate Technological Fix? .............................  103 
6.1 Introduction...................................................................................  103 
6.2 Nuclear Energy: History and Forecasts.........................................  104 
6.3 The Nuclear Fuel Cycle ................................................................  106 



Contents ix 

6.4 Reactor Design..............................................................................  109 
6.5 Difficulties with Existing Nuclear Power Programs .....................  111 

6.5.1 Uranium Resources Are Limited .....................................  112 
6.5.2 Low Level Radiation .......................................................  113 
6.5.3 Nuclear Accidents and Reactor Safety ............................  114 
6.5.4 Natural Hazards ...............................................................  115 
6.5.5 Nuclear Weapons Proliferation and Sabotage .................  116 

6.6 Nuclear Power: New Technology for the Long-term? ..................  117 
6.6.1 Breeder Reactors..............................................................  117 
6.6.2 Fusion Reactors ...............................................................  119 

6.7 An Uncertain Nuclear Future ........................................................  121 
References ................................................................................................  122 

7 Engineering for Greater Energy Efficiency .........................................  125 
7.1 Introduction...................................................................................  125 
7.2 Defining Efficiency and Its Limits ................................................  126 
7.3 Transport .......................................................................................  128 
7.4 Buildings and Their Equipment ....................................................  133 
7.5 Energy Conversion........................................................................  136 
7.6 Obstacles to Energy Savings from Energy Efficiency ..................  137 
7.7 Energy Efficiency in a Wider Context ..........................................  140 
References ................................................................................................  141 

8 Getting Rid of Atmospheric Carbon: 
Sequestration and Air Capture .............................................................  145 
8.1 Introduction...................................................................................  145 
8.2 Carbon Sequestration in Soils and Forests ....................................  146 
8.3 Carbon Sequestration by Ocean Fertilisation ................................  148 
8.4 Carbon Capture from Large Power Plants.....................................  149 
8.5 Air Capture....................................................................................  152 
8.6 Geological Carbon Sequestration..................................................  154 
8.7 Carbon Sequestration in the Real World .......................................  156 
References ................................................................................................  159 

9 Great and Desperate Measures: Geo-engineering ...............................  161 
9.1 Introduction...................................................................................  161 
9.2 Global Albedo Decreases ..............................................................  162 

9.2.1 Stratospheric Aerosol Placement .....................................  163 
9.2.2 Other Approaches ............................................................  164 

9.3 Regional Albedo Decreases ..........................................................  165 
9.4 Unwanted Impacts of Geoengineering ..........................................  168 

9.4.1 Unwanted Climate-related Impacts .................................  168 
9.4.2 Ocean Acidification .........................................................  170 



x Contents 

9.5 The Ethics and Politics of Geoengineering ...................................  171 
9.6 Geoengineering: Weighing the Costs and Benefits.......................  174 
References ................................................................................................  176 

10 The New Economy..................................................................................  179 
10.1 Introduction...................................................................................  179 
10.2 The Global Economy and Energy: Past and Present .....................  182 
10.3 What’s Wrong with the Old Economy? ........................................  185 
10.4 The Human Needs Approach ........................................................  187 
10.5 Human Settlements Case Study ....................................................  189 

10.5.1 Is the World Future Urban? .............................................  189 
10.5.2 Transport in the Transition and Long-term......................  191 
10.5.3 Dwellings.........................................................................  197 

10.6 Toward a Carbon Neutral Civilisation ..........................................  198 
References ................................................................................................  201 

11 Conclusions .............................................................................................  205 
11.1 Introduction...................................................................................  205 
11.2 A Brief Review of the Main Themes ............................................  205 
11.3 What if We Continue Our Present Path? 

(A Look at a World 4 ºC Hotter) ...................................................  208 
11.4 A Just and Ecologically Sustainable Future ..................................  210 
References ................................................................................................  213 

Index .................................................................................................................  215 
 

 



xi 

Abbreviations 

ASPO: Association for the Study of Peak Oil and Gas 
b-a-u: business as usual 
BITRE: Bureau of Infrastructure, Transport and Regional Economics (Aust) 
BTS: Bureau of Transportation Statistics (US) 
CANDU: Canadian Deuterium Uranium 
CCN: cloud condensation nuclei  
CCS: carbon capture and storage  
CDM: Clean Development Mechanism 
CFC: chlorofluorocarbon  
CHP: combined heat and power  
CNG: compressed natural gas 
CO2: carbon dioxide 
CO2-eq: carbon dioxide equivalent 
EC: European Commission 
EF: Ecological Footprint  
EGS: enhanced geothermal systems  
EIA: Energy Information Administration (US) 
EJ: exajoule (1018 joule) 
EU: European Union 
EWEA: European Wind Energy Association  
EWG: Energy Watch Group  
FC: fuel cell 
FFC: full fuel cycle  
GCM: Global Circulation Model 
GDP: Gross Domestic Product 
GHG: greenhouse gas 
GJ: gigajoule (109 joule) 
GL: gigalitre (109 litre) 
GNI: Gross National Income 



xii Abbreviations 

Gt: gigatonne (109 tonne) 
GtC: gigatonne carbon  
GW: gigawatt (109 watt) 
GWEA: Global Wind Energy Association  
GWP: Global Warming Potential 
HANPP: Human appropriation of NPP 
HFC: Hydrofluorocarbon  
HFCV: hydrogen fuel cell vehicle 
HOV: high occupancy vehicle 
IC: internal combustion 
IAEA: International Atomic Energy Agency 
IEA: International Energy Agency  
IIASA: International Institute for Applied Systems Analysis  
IPCC: Intergovernmental Panel on Climate Change  
ISEW: Index of Sustainable Economic Welfare  
IT: Information Technology  
LWR: light water reactor 
Mboe: Million barrels of oil equivalent. One barrel equals ~160 litres. 
MDG: Millennium Development Goal  
MEA: Millennium Ecosystem Assessment  
MER: market exchange rate  
MJ: megajoule (106 joule) 
Mt: megatonne (106 tonne)  
Mtoe: million tonnes of oil equivalent 
MW: megawatt (106 watt) 
MWh: megawatt-hour  
NG: natural gas 
NPP: Net Primary Production  
OECD: Organisation for Economic Cooperation and Development 
OPEC: Organization of the Petroleum Exporting Countries  
OTEC: Ocean Thermal Energy Conversion  
PETM: Paleocene-Eocene Thermal Maximum  
PNS: Post-Normal Science 
ppb(v): parts per billion (volume) 
ppm(v): parts per million (volume) 
PPP: purchasing power parity  
ppt(v): parts per trillion (volume) 
Pu-239: plutonium 239 isotope 
PV: photovoltaic  
RE: renewable energy  
SPS: Satellite power system  
SRES: Special Report on Emissions Scenarios (IPCC) 
STEC: solar thermal electricity conversion  
TMI: Three Mile Island 



Abbreviations xiii 

tpk: trillion passenger-km 
TW: terawatt (1012 watt) 
TWh: terawatt-hour 
U: uranium 
U-235: uranium 235 isotope 
U-238: uranium 238 isotope 
UN: United Nations 
WEC: World Energy Council  



1 

Chapter 1  
The Problems We Face 

1.1 Introduction 

In the year 1800, total coal production was probably only about 10 million tonnes. 
By 2008, coal production had risen to 6,781 million tonnes, and oil and gas pro-
duced that year added the energy equivalent of another 9,737 million tonnes of 
coal [5, 9]. Can such growth in our use of carbon based fuels continue for much 
longer? Among those who thought not was the prominent petroleum geologist 
Marion King Hubbert. He is famous for his analysis of peak oil, but he also 
thought that his insight applied to fossil fuels in general – and to all finite re-
sources. Figure 1.1 shows his view of fossil fuel depletion, viewed in a centuries-
long historical perspective.  

Before 1800, our civilisation was powered by energy almost entirely supplied 
by carbon neutral sources, mainly biomass. Hubbert foresaw that fossil fuel pro-
duction would rise and fall over roughly equal time periods, based on his under-
standing of fossil fuel discovery and depletion. But resource depletion is not the 
only threat to continued use of fossil fuels. We now know that fossil fuel burning 
is loading the Earth’s atmosphere with levels of long-lived carbon dioxide that 
threaten to drastically alter planetary climate. The growth in fossil fuel use may 
have occurred at an unprecedented rate in the 20th century as indicated by the 
black area in Figure 1.1, but the decline in its use will have to occur even more 
rapidly in the 21st century (grey area) if we are to avoid the worst effects of cli-
mate change, leaving much of our fossil fuel reserves unused (white area). 

At some point in the near future we will have to rely, as we did in the past, on 
energy from carbon neutral sources. Future sources range from nuclear power to 
renewable energy (RE) derived from biomass, wind, solar, hydro and geothermal 
resources. Many technologists argue that the transition to carbon neutral sources 
from fossil fuels can be spread over many decades, provided we have the technol-
ogy to prevent the carbon dioxide from fossil fuel combustion entering the atmos-
phere. Alternatively, if this poses too great a challenge, we could limit the effect 
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of carbon emissions by developing technology to enable geoengineering of the 
planet’s atmosphere.  

The idea that our problems can by solved by technology is seductive but ulti-
mately unrealistic. Despite our faith in its power, technology is limited by eco-
nomic, social and environmental factors. Technology is also bounded by physical 
laws, in addition to constraints imposed by resources and availability. And when 
faced with the biggest challenges, even the best available technology might 
prove inadequate. An umbrella, no matter how strong, is unlikely to protect you 
from a tsunami.  

 

Figure 1.1 Schematic diagram of the rise and fall of the Carbon Civilisation  

In this book we seek to establish the limits for the ability of our current tech-
nology to provide solutions to energy supply and global warming as we attempt 
the transition to a carbon neutral civilisation. We begin by providing an overview 
of the book’s main themes, including the inadequacy of the technological fixes 
proposed as solutions, the limited time we have to find viable solutions, and the 
serious ethical challenges we face in a world with grossly unequal access to re-
sources. We conclude that far more reliance will need to be placed on social solu-
tions to our environmental and resource problems, and less on technical fixes. 

1.2 Assessment of Technology Is Often Over-optimistic  

We are struck by the extraordinary technological optimism shown in discussions 
on new sources of energy, and on climate mitigation proposals such as carbon se-
questration and geoengineering. Indeed, a great deal of this book is devoted to a 
detailed examination of these ideas and their likely consequences. Much of this 
optimism has been the result of the undoubted successes – and high public profile, 
given the widespread ownership of its products – of the new Information Technol-
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ogy (IT). For IT, forecasts have often not kept pace with the progress actually 
made. Yet IT projections are exceptional – most technology forecasts for other ar-
eas severely under-estimate the difficulties and time needed to bring them to mar-
ket [7]. As we shall see in Chapter 4, this optimism is shared by both most experts 
as well as the general public. It seems particularly pronounced in the energy sup-
ply sector [1, 11, 32].  

Many suggestions for the new sources of energy discussed in Chapter 5, or for 
geoengineering of Earth to avoid serious climate change (Chapter 9), are treated as 
serious proposals, and in the case of new energy technologies, their output some-
times even included in future energy or climate mitigation scenarios. Often, when 
a new energy source has been sufficiently explored so that its limitations become 
apparent (such as being too costly or having too low an energy return on energy 
invested), the response is to seize upon yet another possible source, one whose 
own drawbacks are not yet known, and the cycle is repeated.  

A good example of technological optimism is provided by Jesse Ausubel. In a 
recent interview article entitled ‘Ingenuity wins every time’ [3], Ausubel argued 
that the world can support 20 billion people, almost three times its year 2010 
population. Some of the technological advances he thinks would help the world 
accommodate this vast population include: a transport system with high-speed 
magnetically levitated (maglev) trains running in evacuated underground tunnels; 
‘landless agriculture’ – farming with very high yields per hectare; and more use of 
e-books to save paper.  

Maglev trains running in tunnels might be a possible – but extremely expensive 
– solution for long-distance land-based travel, if passengers can be persuaded to 
travel for many hours in underground pipes. But maglev trains would be no use for 
short-trip urban travel, or at the other extreme, for overseas travel. Most of the 
problems raised by high levels of mobility would still be with us, including the 
need for carbon neutral energy sources. Landless agriculture, while it does save 
some forest from conversion, ignores the heavy cost that high-intensity, industrial-
ised agriculture has for the environment, including pollution, soil erosion and bio-
diversity decline [28]. E-books may save some paper – unless they are printed off 
for reading – but overall, global paper use has grown in step with the spread of per-
sonal computers and the Internet in the world’s offices and homes [3]. 

Ray Kurzweil [14] is a prominent American computer expert who is even more 
optimistic about the future march of technology than Ausubel. He thinks that the 
rate of progress in the 21st century will be 1000 times greater than that of the pre-
vious century. This view is, of course, strongly influenced by the exponential pro-
gress of IT, as exemplified by Moore’s law. Yet in the more than half-century 
since the development of the computer, or the nearly two decades of the Internet, 
we have seen little progress in solving the crucial environmental and resource 
challenges we face. Jonathan Huebner [10] has studied both the global technical 
innovations since the year 1450 and US patent numbers over the past two centu-
ries (both measured on a per capita basis). In total contrast to Kurzweil, he has 
controversially argued on the basis of these studies that the global technological 
innovation rate peaked over a century ago, and is now in decline.  
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1.3 An Earth Systems Science Approach Is Needed  

Throughout this book, we will be using an ‘Earth Systems Science’ approach, 
which can be defined as follows: ‘Earth system science takes the major compo-
nents of planet earth – the atmosphere, oceans, fresh water, rocks, soils and bio-
sphere, and seeks to understand major patterns and processes in their dynamics’ 
[17]. Instead of studying each of these sub-systems as a self-contained entity, 
Earth Systems Science ‘seeks to put the pieces together and to understand the 
planetary life-support system as an integrated whole.’ [18]. It attempts to look at 
the big picture and determine how human and ecological system are coupled to-
gether. Extending this idea further, just as we have to consider the natural world as 
an interconnected whole, so it is important to consider all the word’s economic 
and political units together when looking at environmental/resource challenges 
that are also global in extent. 

The various environmental and resource challenges presented in Chapters 2 
and 3, although often considered in isolation by their specialists, are inter-connec-
ted. We cannot afford to concentrate on just one problem, such as global climate 
change, because of feedbacks (many of them still poorly understood) from other 
Earth sub-systems, like those from biomass-climate interactions. Preventing dan-
gerous climate change requires that we also pay attention to matters as diverse as 
freshwater withdrawals, land use changes, and ocean acidification [28]. Ecologist 
William Laurance [15] has provided evidence of how apparently unrelated prob-
lems are connected. He uses two illustrations from tropical Africa. Forest logging 
is harming sea turtles, because many of the felled logs float out to sea but are 
later washed ashore on beaches where turtles breed. Overfishing by European 
trawlers in the Gulf of Guinea is endangering African wildlife, since coastal com-
munities are now hunting wildlife more intensively to compensate for the fish 
protein they formerly consumed.  

The approach of holding nearly all variables constant, apart from the small 
number under study, has served us well in engineering and science. Much of the 
argument and data presented in this book are based on the results of such investi-
gations. But this method may not help us predict the unexpected linkages just de-
scribed for biosystems. They can even give misleading conclusions when the labo-
ratory results are then generalised to give, for example, the potentials for some 
new RE sources that we investigate in Chapter 5. 

These potentials are often discussed with no consideration of the impact that 
massive commercialisation of, for example, a new photovoltaic cell type might 
have on the global availability of the scarce metals vital to their manufacture. Also 
usually ignored is the impact that on-going climate change will have on RE poten-
tial, an important case being the impact of the lower rainfall expected for some re-
gions on both hydropower and biomass potential. Conversely, these studies often 
also ignore the impact that some RE sources, if developed on a global scale, would 
in turn have on global climate.  
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‘Displacement’ effects are also frequently ignored when the focus of study is 
a single region or country. For example, an effective ban on illegal logging in one 
country can lead to an increase in illegal logging in other countries with poor su-
pervision, to supply timber to importing countries [6]. This appears to have hap-
pened in response to a tightening up on local illegal logging in China and Viet-
nam. Similarly, any rise in bio-plantations for fuel can be increasingly expected to 
have an adverse impact by displacing agriculture to areas presently under natural 
vegetation. Again, this displacement may not necessarily even occur in the coun-
try developing the bio-plantations; if bioenergy plantations reduce their food ex-
ports, importing countries will try to raise food production. 

As already mentioned, for many issues, it is necessary to consider the global 
economy, rather than just a single national economy, no matter how large. Often, 
progress in one country in reducing its carbon or energy intensity (carbon emitted, 
or energy used, per unit of GDP) is held up as an example for the rest of the 
world’s economies. Alternatively, a low energy intensity country may be compared 
with other, similar, countries. But different sectors of an economy have different 
energy intensities, the intensity being in general higher for the manufacturing than 
for the services sector. If a country exports services and imports manufactures, it 
will have a lower energy intensity than a country where the opposite is true. We 
can still learn much by comparing the experiences of different countries, but the re-
sults need to be carefully interpreted. 

This is not to say that many problems that face us are not national, or even local, 
such as pollution from a point source like a fossil fuel power station. These prob-
lems, can, indeed must, be solved at a national or sub-national level. If a relatively 
isolated Australia restricts air pollution from national sources, its air quality will 
receive the full benefit – although this will not be the case for national pollution 
control in the small countries of continental Europe. But climate change is a global 
problem, as is oil depletion. Even if Australia greatly restricts emissions of carbon 
dioxide (CO2), it will not have any significant effect upon the continent’s future 
climate; this will only happen if most of the world’s major emitters do likewise.  

1.4 Uncertainty About the Future Is Increasing  

The progress of science was supposed to steadily remove our ignorance about the 
natural world. This has happened in many areas, and in the past few centuries, sci-
ence has enormously enriched our understanding of the universe and the planet we 
live on. Given these marked successes of science, scientists have long had a role in 
advising policy-makers about science-relevant issues. The usual approach for sci-
ence policy is that scientists provide expert advice to politicians, who then decide 
whether or not to proceed. Consider the case of whether or not it was feasible dur-
ing the last World War to build a workable nuclear weapon. It was, as the people 
of Hiroshima and Nagasaki discovered to their cost. This simple ideal model does 
fit much expert scientific advice. 
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However, according to the late Alvin Weinberg [33], this simple model is in-
creasingly found wanting. He was interested in exploring more deeply the interac-
tions between scientific knowledge and politics, and saw many of these as exam-
ples of what he called ‘trans-science’: questions that are asked of science, but 
which science is unable to answer. He identified a number of areas that were in-
disputably the province of science, in that they are questions of fact about the na-
ture of the physical world, not questions about values, and could be framed in the 
language of science.  

One example he used is the calculations that have been done on the ‘probability 
of extremely improbable events’, such as catastrophic nuclear reactor accidents. He 
argued (before the Three Mile Island and Chernobyl accidents) that if probabilities 
of such events are very small, then we cannot provide answers based on established 
probabilities, as we do for frequent events like traffic collisions. As he puts it, we 
cannot build 1000 reactors then follow their operating histories for millions of re-
actor-years to get empirical data on accident frequencies similar to those for traffic 
collisions. It may be that the future will see more of these trans-science issues. 

Jerome Ravetz [26] has taken these points further in his discussions on ‘Post-
Normal Science’ (PNS). PNS deals with problems that combine two elements: not 
only are the decision stakes high, but so are the uncertainties regarding the sci-
ence. In contrast, what he labels Applied Science has both low decision stakes and 
system uncertainty. The debate on global climate change fits PNS well, since the 
stakes are undoubtedly high, and there are varied opinions – even among the vast 
majority of climatologists who accept climate change – about such matters as the 
regional effects of climate change. Of course, when the stakes are high, uncer-
tainty or doubt will also be ‘manufactured’. In an article entitled ‘How science 
makes environmental controversies worse’ Daniel Sarewitz [29] made a similar 
point. His conclusion was that ‘progress in addressing environmental controver-
sies will need to come primarily from advances in the political process, rather than 
scientific research.’ 

Our general knowledge about the workings of the natural world continues to 
expand. But sometimes further research uncovers new uncertainties, with the re-
sult that in certain areas, scientists will not be able to offer the results necessary 
for traditional informed policy-making. As we show in Chapter 4, nowhere is this 
truer than for global environmental change. Why is this? An important reason is 
that we are in danger of approaching one or more ecological thresholds, or tipping 
points, as the global economy continues to expand [15, 16, 28, 30]. Tipping points 
arise because nature is dynamic, often non-linear, and above all, complex and in-
ter-connected in its parts. 

William Laurance [16] has discussed three ways in which tipping points can 
arise:  

• runaway chain reactions; 
• abrupt thresholds; 
• positive feedbacks.  
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Epidemics are a form of chain reaction, in which one infected person infects 
several others, each of whom in turn infect several others, and so on, until it be-
comes a global health problem – a pandemic. The high mobility of modern socie-
ties help the rapid spread of diseases to distant locations, with jet air travel provid-
ing a most effective pathway.  

Abrupt thresholds for ecological change occur in many ecosystems, and may 
result because the ecosystems can exist in alternative stable states. Gradual 
changes in temperature or some other variable may have little effect until a thre-
shold is crossed, with an accompanying large shift in the ecosystem. The relatively 
sudden collapse of Saharan vegetation some 5500 years ago might be an example 
of such a shift [30]. Once the shift has occurred, it can be very hard to reverse. 

Positive feedbacks can occur when two or more phenomena amplify each 
other. Rainforests such as the Amazon have an important feedback in that they 
generate much of their own rainfall. Transpiration from the forest vegetation re-
turns it to the atmosphere where it again falls as rain [20]. Deforestation causes 
less water vapour to be recycled, so rainfall declines, the forest dries out, forest 
fires destroy even more forest, resulting in further rainfall declines. The end point 
could be the collapse of the Amazon [15]. As we will see in Chapter 2, such feed-
backs are also common in the climate system.  

The presence of such tipping points makes prediction about complex systems 
such as the global climate system very difficult, as shown by abrupt climate 
changes. The mathematical models that are used to predict climate change have 
a poor record in predicting the abrupt changes that are known from empirical data 
to have occurred in the past [24]. When we consider that multiple tipping points 
can occur in both the climate system and the various Earth ecosystems, and that 
there is a strong coupling between climate and the biosphere, the difficulties in 
making reliable forecasts given fixed changes in, for instance, atmospheric green-
house gas levels, is evident. Yet it is too easy to ignore important effects that can-
not be easily incorporated in numerical models, or to include only a dangerously 
simplified version of their effects. As Laurance puts it [15], we will have to learn to 
‘expect the unexpected’.  

1.5 Equity Issues Are Central in a Finite World 

In a world with plenty of room left for economic expansion, as was still the case at 
the beginning of the 20th century, equity issues were arguably less important than 
today. Population was then only a little over 1.5 billion, compared to nearly 7 bil-
lion today. World Gross Domestic Product (GDP) – defined as the total sum of 
goods and services the world’s economies produce in a given year – was then less 
than 5 % of today’s level in real (i.e., inflation adjusted) terms [19]. The impact of 
the human population on resources and the world’s ecosystems was also corre-
spondingly lower. If there were sharp differences in per capita national GDP, at 
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least further growth was possible for all nations – all could aspire to catch up with 
the leaders in the west.  

Beddoe and his co-workers [4] point out that we are no longer in the ‘empty 
world’ of former times, but in a ‘full world’. In such a world, the low-income 
nations can no longer aspire to the material living standard of the high-income 
countries, which today are mainly grouped in the OECD. (Furthermore, even the 
high-income countries may not be able to maintain present standards of material 
consumption for many decades more.) An important (and popular) way of avoiding 
this equity question is to argue, as we have discussed above, that technology can 
potentially overcome any limits that would seem to block endless expansion for all.  

In today’s world, inequality has many dimensions, based on such differences as 
race, gender, class, and religion. The one we are most concerned about in this 
book is international inequality, the idea that entire nations can be said to be poor 
or rich. In Chapter 10 we present data showing, for instance, that average electric-
ity consumption per capita differs one thousand-fold between the highest- and 
lowest-use countries. Our emphasis is not meant to downplay other dimensions of 
inequality, or the inequality within nations, which is rising in many countries. 
There are millions of low-income households in the US, and many high-income 
households even in the nations of tropical Africa. Nevertheless, there are impor-
tant differences at the national level: most low-income US households operate at 
least one private vehicle; those in tropical Africa do not. In most countries in 
Western Europe, with their extensive welfare provision, differences for low-
income households compared with African countries are even more marked. 

Anil Hira [8] has even proposed that it is now time for a form of global welfare 
system. This proposal could of course be argued on conventional ethical grounds, 
but Hira’s point is that it may even be cheaper for the high-income countries that 
would presumably be required to finance it. When the huge costs of outlays for 
items such as ensuring ‘security’ of oil supplies, or attempts to stem illegal immi-
gration or drug trafficking are considered, the idea does not seem so utopian. The 
industrial countries must win the cooperation of the presently low-income ones if 
we are to avert serious environmental damages, and a rudimentary global welfare 
system would greatly help here. The UN Millennium Development Goals, dis-
cussed in Chapter 10, also fit in with this proposal. Hira presents cost estimates to 
show that meeting these goals would be cheaper than continuing the present de-
fensive expenditures discussed above. 

1.6 Energy Is Vital for Economies 

For nearly all of the many millennia that humans have lived on Earth, our energy 
sources have been renewable: firewood, food for human labour, forage for our 
domesticated animals. Small amounts of tidal, water and wind power were also 
harnessed. Only since the late 18th century have we used fossil fuels on a signifi-
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cant scale. These combustible fossil fuels have high energy densities compared 
with renewable sources, and so can be readily and economically moved to distant 
locations for use. The result is a world economy which is heavily reliant on the fi-
nite resource base of fossil fuels – the Carbon Civilisation. 

Conventional economists have been slow to recognise energy as a factor in 
economic production, along with the traditional production factors of land, labour 
and capital. Yet a moment’s thought shows that our modern factories, offices, 
homes, farms and transport vehicles cannot function without large inputs of useful 
energy. Without these inputs (and those of non-fuel minerals like metal ores) all 
production would cease. Given this dependency, it is little wonder, as we shall 
show in Chapter 10, that global use of primary energy (the energy content as pro-
duced, before conversion) correlates very highly with Gross National Product.  

But energy is vital in a second way. Not only could future desired energy use 
be constrained by a shortage of energy sources that can give an adequate return 
rate on either energy or money invested, but the consequences of continued large-
scale energy use, whether fossil or alternative energy sources, might produce seri-
ous environmental damage. As we discuss in Chapter 2, the combustion of fossil 
fuels is the major source of greenhouse gas emissions driving global climate 
change. Several researchers go further, and argue that our rising energy use, 
whether ‘green’ or not, is contributing to Earth’s environmental deterioration, in-
cluding biodiversity loss [20, 22]. If they are right, cutting our energy consump-
tion from all sources may be just as important as moving away from fossil fuels. 
We could soon need to rely almost entirely on alternatives to fossil fuels, but use 
them much more sparingly – the Carbon Neutral Civilisation. 

We are also building up energy debts that will have to be repaid in the future 
from our future energy production. For some energy sources this will be minor, 
like the energy costs for dismantling old wind turbines or coal power plants. De-
commissioning large nuclear power plants, and safely and reliably sequestering 
high-level nuclear wastes for millennia will involve greater energy (and monetary) 
costs. But the greatest future energy costs will come from attempts to right past 
environmental damages, such as excess levels of atmospheric CO2, particularly if 
we are left with CO2 air capture and storage (see Chapter 8) as the only feasible 
way of drawing down CO2 to safe levels. We will be effectively stealing energy 
from future generations.  

1.7 Time to Make the Needed Changes Is Limited 

Looking at the slow response of the world’s nations to the challenges we face, one 
would think we had all the time in the world to overcome them. We have known 
since measurements began on Mauna Loa, Hawaii, in the late 1950s that CO2 lev-
els in the atmosphere were rapidly rising, yet so far our only binding response has 
been the Kyoto Protocol, which runs out in 2012. Even the minor reductions of 
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CO2 required of the industrial countries in this protocol seem unlikely to be met by 
some countries. The disappointing outcome of the Copenhagen Conference in De-
cember 2009 is further evidence of our leisurely approach. In coming chapters we 
will demonstrate that many Earth scientists think that we may have already passed 
some critical limits for environmental stability.  

For instance, Rockstrom and co-workers [28] believe that atmospheric levels of 
greenhouse gases already exceed prudent limits, and need to be reduced. Instead, 
levels of CO2, the main greenhouse gas, are still growing by around two parts per 
million (ppm) per year [2]. What many Earth scientists fear is that we could soon 
pass a point of no return in mass loss of the Greenland icecap. It is not that this 
icecap will rapidly melt – loss of most ice could take centuries – so much as the ir-
reversible nature of this loss process.  

Any effective response under our present economic system to these severe en-
vironmental challenges is likely to be very slow. Some studies give a low upper 
limit to the rate at which we can ‘decarbonise’ our economies by means such as 
switching to RE sources [13]. After all, over 80 % of our energy comes from fossil 
fuels [10], and the expensive fossil fuel infrastructure that transports and combusts 
this fossil fuel has a long economic life. And we are still spending heavily on its 
expansion – fossil fuel power stations, oil and natural gas tankers and pipelines, 
oil refineries.  

We are, in effect, ‘locked in’ to a fossil fuel-based economy – the fossil fuel 
power stations already built (and still being built) have lifetimes of a half-century, 
making a rapid shift to alternatives expensive. Even the generally upbeat 2007 
IPCC report on mitigation [23] envisages very little change to alternative fuels by 
2030. Far from decreasing, atmospheric CO2 levels are projected to continue to 
rise [24]. The upshot is that many proposed responses to global climate change 
will not be able to deliver the reductions in emissions, or the energy levels needed, 
in the time frame available.  

Conventional supplies of fossil fuels themselves will become increasingly 
scarce in the future, as is already happening with conventional oil supplies. Un-
conventional sources, such as oil sands or ‘tight’ gas are more plentiful, but will 
have far higher CO2 emissions and economic costs per unit of delivered fuel. The 
long lead times and economic risks associated with the heavy investments needed 
could mean that even if we continue to ignore climate change, constraints on fossil 
energy production could occur soon. 

1.8 Proposed Solutions Can Often Make Matters Worse 

Much has been written about the unintended consequences of human actions. Ed-
ward Tenner’s book [31] ‘Why Things Bite Back’ is rich in examples of solutions 
that backfired. Antibiotics cure many diseases, but also breed resistant bacteria. 
The rise of computers has increased office paper use. Matthews and Turner [21] 
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have more recently shown how many deliberate human interventions in environ-
mental systems (such as the introduction of predators for controlling previously 
introduced pests) were made in order to correct for earlier, more inadvertent inter-
ventions. However, even the later actions do not always work as planned, leading 
to yet more problems requiring a fix. 

Many of the proposals for finding our way out of the multiple resource and en-
vironmental challenges the world faces are tech fixes such as ‘green’ cars, bio-
mass-based liquid transport fuels, ‘smart’ buildings and so on. William Rees, an 
originator of the Ecological Footprint concept, not only doubts the utility of these 
fixes, but even argues that they could well make matters worse [27]. Why is this? 
Surely every little bit helps? The answer is that while our present economic sys-
tem has had some success in cutting both the energy use and the CO2 emissions 
necessary to generate a dollar of global GDP, (in other words, we have lowered 
both the energy and carbon intensities) this success does not translate into an ab-
solute fall in either global energy use or emissions (see also Section 1.6). Yet cli-
mate responds only to the concentrations of molecules of each greenhouse gas in 
the atmosphere, not to human constructs like carbon intensity. 

We will illustrate this point using private passenger transport (see Chapter 7). 
Consider the case of ‘green’ cars, such as hybrids. Replacing conventional cars by 
full hybrids, along with other efficiency improvements, might at best give a three-
fold improvement in fuel efficiency (and CO2 emissions) by 2030, and a five-fold 
improvement by 2050 compared with today’s vehicles [25]. These efficiency 
gains (and the disappointing gains in efficiency so far suggest that they are 
unlikely to be realised) sound impressive, until we realise the very large absolute 
cuts in emissions likely to be needed in each sector, including transport, to prevent 
dangerous climatic change.  

First, car numbers could expand greatly by 2050: light vehicle ownership aver-
ages around 120 per 1000 persons globally, but varied in the mid-2000s from 
nearly 800 in the US to under 10 per 1000 in many low-income countries. The 
world thus has a huge unmet demand for cars [25]. Second, if it is the case that we 
have already passed a safe level for CO2 atmospheric ppm, emissions from the 
transport (and other) sectors will need to be reduced to zero, implying an infinite, 
not merely a three- or five-fold efficiency improvement. What this means is that 
the enormous resources and political will needed to realise a historically unprece-
dented three- to five-fold efficiency gain in private vehicular transport could be 
wasted. As Rees [27] stresses, such efforts could even make things worse by en-
trenching a possible solution which has no real prospect of success. 

1.9 A New Approach to Economics Is Needed 

We argue in this book that we are already approaching (or may even have sur-
passed), the limits of Earth’s ability to provide sustainably the resources and the 
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environmental services the global economy requires. It is unlikely that alternative 
energy sources can enable continuation of our present growth-oriented economies; 
as we have seen in this chapter, time is running out for implementation of such en-
ergy sources. We show in later chapters that tech fixes such as energy efficiency, 
carbon capture and storage, and geoengineering will be of little help. It follows 
that even if fossil fuels were not subject to depletion, global economic growth is 
unlikely to continue for long because of the strong links that presently exist be-
tween energy use and GDP.  

We have reached this stage of overshoot even though only a small fraction of 
the global population presently enjoys high standards of material consumption. 
Any further growth in global population, or any movement toward OECD income 
levels – which are themselves expected to continue rising – by the great majority 
of the world population presently living in low-income countries, will place even 
greater stresses on Earth’s resources and pollution absorption capacity.  

Our argument is that not only is further global economic growth an option for 
the short term only, but also that in the high-income countries, further growth is 
now at odds with the welfare of their populations. Instead, we advocate changing 
the priority of the economic system to meeting the needs of all the world’s popula-
tion for food, potable water, housing, health and other necessities, at the same time 
minimising both further damage to the environment and use of depleting mineral 
and non-renewable energy resources. 
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Chapter 2  
Global Climate Change 

2.1 Introduction 

The realisation that increasing concentrations of heat-trapping greenhouse gases 
like CO2 would result in rising temperatures is not new. In the 1820s the French 
scientist Joseph Fourier, building on speculations made a half-century earlier, 
wondered why the Earth’s temperature was higher than it should be, given its dis-
tance from the Sun. He hypothesised that this was because the atmosphere was 
partly opaque to the passage of outgoing infrared radiation. In 1859 the Irish 
physicist John Tyndall demonstrated experimentally that certain gases in the at-
mosphere, particularly CO2 and water vapour, were effective in trapping radiant 
heat [30]. The Swedish chemist Svante Arrhenius in the early years of the 20th 
century calculated that a doubling of atmospheric CO2 concentrations would warm 
the Earth by about 4 ºC – a value close to present estimates. 

Nevertheless, despite this long history, the topic of global climate change has 
become a controversial one. Although nearly all climatologists think that contin-
ued anthropogenic releases of greenhouse gases at anything like current rates will 
lead to dangerous change, a small minority dissents. They variously argue instead 
that any measured temperature increase is mainly the result of changes in solar ir-
radiation, or is caused by natural variability in the complex climate system. Addi-
tionally, many popular blog sites do not accept that global warming is real. This 
uncertainty has been in the past, and in some cases still is, supported by industries 
and energy-exporting countries who stand to lose financially if controls are placed 
on CO2 emissions [29]. 

Global warming is different from other resource or environmental controver-
sies, such as those concerning nuclear power, or oil depletion. Most governments 
and international organisations (such as the International Atomic Energy Agency) 
support the development of nuclear energy, and do not see oil depletion as a con-
straint on global oil use any time soon, as evidenced by the optimistic forecasts of 
oil use in 2030 by groups such as the US Energy Information Administration 
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(EIA) [15]. In contrast, most of the world’s governments and international organi-
sations support the scientific consensus on climate change, even if they have great 
difficulty in translating this support into effective action. 

2.2 The Science of Global Warming 

Both the academic and popular writings on global warming are now vast. Clima-
tologists Michael MacCracken [24], Michael Mann [25] and Barrie Pittock [35] 
have provided comprehensive summaries of both the science of global climate 
change and its likely effects. The report by Allison and others [2], released just be-
fore the Copenhagen December 2009 Climate Conference, updates climate find-
ings since the 2007 IPCC report. Here we try to show that the climatologists’ con-
cerns about global warming and its consequences are well-founded. We stress in 
particular the observed changes in the polar regions, not only as an indication of 
the changes likely in other regions, but because some scientists believe the melting 
of the Greenland icecap may soon reach the point where it is irreversible. 

Nearly all observers now accept that global temperatures have risen over the 
past century or so. Are we the cause of this observed climate change? Let’s start 
with the obvious: days are warmer than nights, summers are warmer than winters. 
Why? Clearly, astronomy explains both these facts. The Earth spins on its axis 
once every 24 hours, and the axis is inclined to the plane of its year-long orbit 
around the Sun. Climatologists don’t argue that all climate change observed in the 
past was caused by humans. Obviously we humans can’t have been the cause of 
changes that happened before there were any humans. But natural explanations 
like astronomical changes and plate tectonics can’t explain the present ongoing 
climate changes, as we’ll explain in this section. 

2.2.1 The Science Basics 

Every day a huge amount of energy in the form of electromagnetic radiation 
reaches Earth. About 30 % is immediately reflected by clouds, and by oceans, land 
and ice – we say that the Earth’s albedo is 0.3, Figure 2.1. The other 70 % is ab-
sorbed by the land, atmosphere and oceans. So why doesn’t planet Earth simply 
get hotter and hotter, until it melts and finally vaporises away into space? After all, 
space is a near-vacuum, so very little heat is lost by conduction or convection. 
That leaves radiation as the only outlet for heat loss. According to the Stefan-
Boltzman equation, every body radiates away heat in proportion to the 4th power 
of its absolute temperature. (Since the absolute zero of temperature occurs at 
−273 ºC, values on the absolute temperature scale are simply 273 units higher than 
the Celsius scale. So 100 ºC is 373 absolute, or 373 Kelvin (K)). Thus small 
changes in temperature result in large changes in energy. Just as the Sun loses heat 
by radiating it away into space, so does the Earth – and the other planets.  
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Normally, the Earth’s surface stays at a constant average annual temperature, 
because the annual incoming energy from the Sun is roughly balanced by the out-
going radiant energy (expressed as Watts per unit area (W/m2)). Watts are the 
units of energy per unit time, also known as power, Joules are the units for energy. 
Additional factors to consider in this energy balance are the emissivity of the 
Earth and its atmosphere, the Earth’s albedo, and the value of the incoming solar 
radiation constant (1367 W/m2) [48].  

Emissivity is a measure of the ability of a material to radiate the energy it ab-
sorbs. It is a function of the wavelength of the incident radiation and temperature. 
And, as we discuss below, for the atmosphere, emissivity also depends on compo-
sition, the time of day and the presence of clouds. The albedo of the Earth will de-
pend on the surface cover (vegetation, desert, snow etc.) of the land and sea, and, 
like emissivity, on the presence and properties of clouds and aerosols.  

Also, despite the balance in the energy flows, there are differences in the proper-
ties of the energy being exchanged; we might say that not all energy is equal. When 
energy from the Sun is exchanged with the Earth, its wavelength changes. The in-
coming energy is high frequency (visible and ultra-violet) radiation, but the outgo-
ing energy is low frequency (infra-red) radiation. The surface of the Sun is around 
5,800 K [40], whereas the Earth’s surface is only about 15 ºC (288 K). Higher tem-
perature bodies like the Sun have an emission spectrum (the variation of the energy 
emitted as a function of emission wavelength) with peak emissions occurring at 
much higher frequencies, and so shorter wavelengths, than low temperature bodies 
like Earth. 

Importantly, the gases which make up the atmosphere respond differently to 
this radiation. Some atmospheric gases, while transparent to visible radiation, are 
partly opaque to this out-going infra-red radiation, as Tyndall demonstrated one 
and a half centuries ago. These gases both absorb this outgoing radiation, and re-
emit it (their structure allows the formation of an oscillating electric dipole), with 
much of this emitted radiation finding its way back to Earth’s surface. The chief 
culprits are water vapour, carbon dioxide, nitrous oxide, methane, ozone, and 
various halocarbons, including chlorofluorocarbons (CFCs) and similar complex 
molecules. The chief atmospheric constituents, oxygen and nitrogen and the minor 
one, argon, remain unaffected. The heating that occurs from this absorption and 
re-emission process is known as the greenhouse effect and the gases responsible, 
greenhouse gases (GHGs).  

The Sun also exerts a variable radiative forcing, and some people see this as the 
main explanation for the observed temperature rises. Solar irradiance varies over 
an 11-year cycle with the maximum values being only 0.08 % above the minimum 
ones. The resulting direct forcing is very small, and the measured Earth surface 
temperature trends show an indiscernible 11-year response of around 0.1 °C, as 
would be expected given the sensitivity in global mean temperature to solar varia-
tion [14]. Similarly, reported indirect forcing by increased cosmic ray ionisation of 
the atmosphere (resulting in changes in cloud properties), does not appear to cor-
respond to measured cloud cover changes. Variations in the solar output are ac-
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cordingly considered to be only a minor factor in explaining Earth’s recent tem-
perature rise [41].  

Is there any evidence that all this is actually happening in the atmosphere? 
Chen and colleagues [10] used satellite data to examine the way infrared 
emissions from Earth have varied from 1970 to 2006. They found that changes in 
the outgoing longwave radiation spectrum matched those expected from changes 
in GHG concentrations over the period. Their results provide empirical evidence 
that increased atmospheric concentrations of greenhouse gases from human activ-
ity really are affecting the Earth’s radiation balance. 

The end result is that GHGs in the atmosphere prevent some of the back radia-
tion from Earth escaping into space. Since the Earth is then radiating less energy 
than it receives from the Sun, a continuous net input of energy (or heat) occurs. 
The result: gradual warming of the Earth’s surface, oceans and atmosphere. Since 
the Earth is now at a higher temperature, it can radiate away more heat in accor-
dance with the Stefan-Boltzman equation, and move the Earth once more toward 
thermal equilibrium.  

 

Figure 2.1 Earth’s radiative energy balance and the role of the greenhouse effect. Percentages 
represent the amount of energy exchanged by a given process. Source: [43] 

The greenhouse effect has always been with us, and in fact has made the Earth 
habitable for humans. The Moon is the same average distance from the Sun as 
Earth, and so we might expect it to be a similar average annual temperature, but its 
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measured average temperature is a cold –18 ºC, compared with the Earth’s +15 ºC. 
The reason for the +33 ºC difference is that the Earth has a CO2-containing atmos-
phere, but the lighter Moon has lost whatever atmosphere it had. So the Earth’s 
+15 ºC is often said to be caused by the natural greenhouse warming effect, as dis-
tinct from the human or enhanced greenhouse warming effect caused by our cu-
mulative net emissions of GHGs [25]. 

Other things being equal, then, increasing the volume of heat-trapping gases in 
the atmosphere, as we have been doing for a century or more, results in warming 
the Earth’s surface. No climate scientist seriously disputes this. The only contro-
versy remaining is about how much dampening of temperature increase will occur 
from what are termed negative feedbacks. Examples are the increased cloud cover 
that higher temperatures (and thus higher evaporation) will produce, and the draw-
down of atmospheric CO2 from enhanced biomass growth in a CO2-rich atmos-
phere. On the other hand, several positive feedbacks also operate, which will result 
in more global warming than would be expected on the basis of GHG atmospheric 
concentrations alone. These feedbacks, discussed later in this chapter, include the 
ice albedo feedback, and methane and CO2 emissions from melting permafrost.  

Since the mid-19th century, average global temperatures have risen by an esti-
mated 0.76 ºC, most of it in the last few decades [41]. Arctic sea ice is thinning, 
sea levels are rising, and glaciers in both tropical mountains and temperate lands 
are retreating. ‘The Snows of Kilimanjaro’ are disappearing: the Kilimanjaro ice-
cap has lost 26 % of its area over the period 2000–2007, and now occupies only 
15 % of its extent found in a 1912 aerial survey. The ice is expected to completely 
disappear in a few decades, although climate change is not the only cause [42]. 
Scientists now believe that the temperatures we are presently experiencing are the 
highest of the last millenium, and, possibly, much longer [41].  

2.2.2 Mathematical Models and the Temperature Record 

We can measure temperatures on land, at various ocean depths, and at various 
heights in the atmosphere. We can measure the amount of water vapour in the air, 
the rainfall and its intensity at various locations, and the mass of ice locked up in 
the world’s glaciers. But we also want to know what the climate will be like in the 
future if we continue to emit CO2 and other GHGs. Specifically, we need to know 
what changes in temperature and rainfall will occur and what their distributions 
will be for given concentrations of GHGs in the atmosphere. One approach used 
by climate scientists is to construct mathematical models of the energy and mate-
rial flows in the atmosphere and its interacting systems. Such models are called 
Global Circulation Models (GCMs) and have been developed from models used to 
forecast the weather. We discuss the reliability of these models in Chapter 4. 

Recently there has been much debate about average global temperatures over 
the past decade or so, with sceptics claiming falling temperatures. According to 
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the 2007 IPCC report, except for 1996, the years 1995 to 2006 recorded 11 of the 
12 warmest years on record since 1980, with the highest being the strong el Nino 
year of 1998 [41]. More recently, the Met Office Hadley Centre in the UK cor-
rected average surface temperatures for the decade 1999–2008 and did not find 
any rise – although the values were still high compared to the average for the 20th 
century. But when short term variability from el Nino, solar output variation and 
volcanic eruptions are allowed for, the measured global temperature changes in 
recent decades, (including the first decade of the 21st century) are in line with the 
climatic warming trend of about 0.2 °C per decade predicted by the 2007 IPCC re-
port. Allison and colleagues [2] conclude simply: ‘Every single year of this cen-
tury (2001–2008) has been among the top ten warmest years since instrumental 
records began.’ And 2009 is now the fifth warmest year on record. 

Nevertheless, climate modelling work shows that decade-long intervals when 
the temperature is more or less flat should be common, but such periods of no 
temperature rise should prove rare over intervals of 15 years or more. As the old 
saying goes: ‘climate is what you expect, weather is what you get.’ Even so, natu-
ral variability has its limits [19]. The important point is that given natural variabil-
ity, we should not base conclusions on short time periods. The higher and longer 
the rise in average global temperature continues, the more certain we can be that 
the changes are real. And here lies our dilemma; attaining this certainty comes at 
some cost, since once we are sure, it may be too late to act. 

The data above refer to average surface temperature rises, over both land and 
sea. Actual temperature rises will on average be greater in the high-latitude re-
gions. They will also be greater on land than at the ocean surface, so since oceans 
cover 70 % of the Earth’s surface, the warming on land will be appreciably higher 
than the global average. Note that oceans have the capacity to redistribute heat 
through mixing processes which are unavailable to land masses.  

Measuring average surface temperatures and forecasting their future changes is 
not the only possible metric for assessing global climate change, although it is the 
one favoured in media discussions of climate change. Roger Pielke [33] argued 
that a more accurate way of quantifying climate change is to look at how the 
Earth’s energy balance is changing, as a result of the global imbalance between in-
solation and out-going thermal radiation. In brief, we should examine how energy, 
or heat, is steadily accumulating (or decreasing) on the planet. Anderson [4] sum-
marised the results of such calculations for heat flows over the past half-century:  
• 200,000 EJ of energy has entered the oceans; 
• 18,000 EJ has gone into melting ice in glacial systems; 
• 9,000 EJ has entered the Earth’s land surfaces; 
• 7,000 EJ has entered the lower atmosphere. 

For comparison, our present primary energy consumption is around 500 EJ/ 
year, but in a business-as-usual world, is expected to grow to as much as 1000 EJ 
by 2050 (one EJ is equal to 1018 Joules) [28]. Two hundred EJ is sufficient energy 
to raise all of the water in Lake Erie (in the North American Great Lakes System) 
from 0 °C to 100 °C. 
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2.2.3 Greenhouse Gases and Their Anthropogenic Sources 

What are the main greenhouse gases, and why have they increased rapidly over 
the past century? Water vapour is sometimes listed as the most important GHG, 
but its atmospheric concentration at any location is a function of local surface cli-
mate and its control of relative humidity levels. It is thus best considered as a 
feedback effect from global warming, and not as a GHG in its own right [25, 41]. 
Table 2.1 lists the most important GHGs, along with their human sources and 
Global Warming Potentials (GWPs). 

Table 2.1 Greenhouse gases, anthropogenic sources, GWP, and atmospheric concentrations 

Greenhouse gas Chemical  
formula 

Anthropogenic  
sources 

Atmospheric 
concentration 
(2005)  

GWP  
(20 year) 

GWP 
(100 year) 

Carbon dioxide CO2 Fossil fuel combustion,  
cement manufacture, land use 
changes 

379 ppm 1.0 1.0 

Nitrous oxide N2O Nitrogenous fertiliser 319 ppb 289 298 
Methane CH4 Gas fields and pipelines,  

cattle, flooded rice fields 
1774 ppb 72 25 

Halocarbons 
CFC-11 
CFC-12 

 
CCl3F 
CCl2F2 

Electronics industry   
251 ppt 
538 ppt 

 
6730 
11,000 

 
4750 
10,900 

Source: IPCC [17]  

The most important GHG is CO2, which the IPCC estimates to be responsible 
for about 57 % of global warming. Most (77 %) of this CO2 in turn comes from the 
combustion of fossil fuels and cement manufacture, the rest from biological 
sources including tropical deforestation. Its present-day concentration is nearly 
390 ppm, compared with the pre-industrial value of around 280 ppm. The most 
important features of the global carbon cycle are shown in Figure 2.2. Note that 
atmospheric carbon storage is small compared to soil and ocean storage, and that 
the annual net additions of CO2 to the atmosphere and oceans are only a small 
fraction of the total exchanges of CO2 between the various storages.  

Other important GHGs are methane, nitrous oxide, halocarbons and tropo-
spheric ozone. Methane concentrations are about double their pre-industrial value, 
and in the last few years have risen sharply [2]. Nitrous oxide concentrations are 
about 50 % higher than pre-industrial times, and are rising at around 2–3 % each 
year [11]. These other GHGs are considered further in Section 2.4.1. 

Net irradiance is the difference between the incoming and outgoing solar radia-
tion, and this difference is largely responsible for the Earth’s climate. Radiative 
forcing refers to changes in this net irradiance. By stopping some of the outgoing 
radiation, the various atmospheric GHGs can be considered to exert a positive 
radiative forcing measured in W/m2. For example, the latest IPCC report gives a 
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‘best estimate’ figure of 1.66 W/m2 for CO2 forcing, and 0.48 W/m2 for methane, 
although the values are subject to some uncertainty. In addition, aerosols can exert 
a negative radiative forcing from both direct and indirect effects, thus off-setting 
to some extent that of these long-lived greenhouse gases. The extent of the nega-
tive forcing is very uncertain, and this uncertainty explains why overall climate 
sensitivity values are uncertain. 

The various GHGs can be ranked according to their Global Warming Potential 
(GWP), using CO2 as the standard, with a GWP of 1.0. GWPs integrate the radia-
tive forcing over a specified time period resulting from the one-off unit mass 
emission of a given GHG. They can be used to compare the climate change effects 
of different GHGs. As shown in Table 2.1, the GWPs of the various GHGs differ 
at both the 20 and 100 year time horizons by four orders of magnitude. Current 
atmospheric concentrations vary by eight orders of magnitude [41]. Using the 
GWP concept, we can convert the other GHGs into CO2 equivalents, and so calcu-
late an equivalent CO2 concentration in ppm that would have the same warming 
effect as all the GHGs acting together, abbreviated CO2-e. 

 

Figure 2.2 The global carbon cycle 

With the exception of various industrial compounds such as the halocarbons and 
similar chlorine- and bromine-containing compounds, all these GHGs exist natu-
rally. Before the Industrial Revolution, however, their concentrations were believed 
to be relatively stable. On longer timescales their concentrations varied. Over the 
recent ice ages, CO2 concentrations varied in a cyclic manner from around 180 ppm 
at the height of the glacial periods to about 280 ppm during the interglacial periods. 
The present value of about 390 ppm is thus far outside this range. Figure 2.3 shows 
the rapid growth in atmospheric ppm since Keeling began direct measurements in 
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Mauna Loa in the late 1950s. The annual cycle shown results from the drawdown of 
atmospheric CO2 in the northern growing season, and its subsequent release in the 
colder months. (Because most terrestrial vegetation, especially at higher latitudes 
where the seasonal cycle is most pronounced, is in the northern hemisphere, the 
counter-effect in the southern hemisphere is much smaller). 

 

Figure 2.3 Growth of atmospheric CO2 concentration, 1958–2009; symbols represent seasonal 
variation, solid line is the annual trend (1958–1974 Scripps Institution of Oceanography, 1974–
2009 National Oceanic and Atmospheric Administration). Source ESRL [16]. Used with permis-
sion  

A number of research papers have recently shown that it is cumulative, rather 
than annual, emissions of CO2 that are crucial, because of the long residence time 
of CO2 in the atmosphere [1, 5, 9, 23, 26, 27, 41]. One modelling study found that 
released CO2 is mainly absorbed by the oceans over a period of 2–20 centuries, 
but about 20–40 % would remain in the atmosphere for far longer periods [5]. The 
climate effects of our present CO2 releases will thus persist for many millennia to 
come. Because of its atmospheric longevity and concentration, and because most 
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CO2 emissions result from fossil fuel combustion, the focus in this book’s chapters 
on mitigation is on CO2 reductions. Policies for reducing other GHGs are briefly 
examined below in Section 2.4.1. 

2.2.4 Learning from the Past 

In general we have two approaches available to us for our attempts to forecast 
where rising levels of GHGs will take us. We have already briefly mentioned 
global climate models and their uses, but a different approach is to use the study of 
the Earth’s past climate history – paleoclimatology – for clues that could inform 
the future. Since instrumental temperature measurements only go back about one 
and a half centuries, we have to rely on proxy records for understanding the past. 
We are particularly interested in studying those periods when climates were 
broadly similar to today’s. 

Scientists have accumulated more and more proxy data about climatic condi-
tions in the distant past from tree ring counts, ocean and lake sediment cores, ice 
cores from Greenland and Antarctica, as well as historical data for the more recent 
geological past. We can use these to determine concentrations of GHGs in the dis-
tant past, and also temperatures, sea water levels, and whether the climate was 
generally wet or dry. To improve accuracy, these various indirect measures are 
checked against each other, and if possible, against the instrumental record of the 
past century or so. We can find climate analogues for our present situation, and so 
get an alternative to climate modelling for assessing future Earth conditions. The 
general lesson we learn from examination of past climates is that the Earth tem-
perature responds strongly to changes in the radiative balance. 

This is not the first time Earth has seen rapid rises in CO2 and global warming, 
although those in the past were from natural causes. One important example is re-
ferred to as the Paleocene-Eocene Thermal Maximum (PETM) event. As we will 
discuss in Chapter 4, a rapid and major release of CO2 occurred about 55 million 
years ago. It caused not only global warming of about 5 °C, but also ocean acidifi-
cation and mass extinctions of species [2]. Its relevance to our present condition is 
obvious. 

One vital finding from examination of climate changes in the distant past is 
how severe the changes can be for global temperature changes that are forecast for 
this century in ‘business-as-usual scenarios’. During the Pliocene epoch, 3 million 
years ago, the Earth was on average only 2–3 °C warmer than today, yet sea levels 
were 25–35 metres higher because only smaller ice sheets survived in the warmer 
climate. On the other hand, during the last great Ice Age, sea levels were 
120 metres lower than now. The 4–7 °C drop in temperatures compared with today 
resulted in a transformation of Earth’s surface and its ecosystems [2].  

‘But where are the snows of yesteryear?’, lamented the renaissance French poet 
François Villon. Rest easy François, they’re still here. Perhaps not in Paris, but in 
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Antarctica lie the snows of a million yesteryears. Much of our information about 
Earth’s past climate has come from deep ice cores painstakingly recovered from 
the Antarctic and Greenland ice caps. Drilling and recovering a continuous core of 
ice enables us to work out how climate has varied over past millenia. The deeper 
you drill, the older is the annual snow layer which is then compacted by the 
weight of overlying snow to form ice. From air bubbles trapped in the ice, 
scientists can determine the temperature at that time by isotopic analysis of the 
oxygen. They can also directly measure the composition of the atmosphere at that 
time, and in particular the concentrations of CO2 and CH4. The ancient air bubbles 
can also reveal the amount of dust in the atmosphere, which gives us a rough idea 
of how dry or wet the climate was.  

Changes in inferred global temperatures over this extended time period corre-
late very strongly with changes in atmospheric CO2 levels. Temperature rises typi-
cally occur before the increases in atmospheric CO2, which has led some to argue 
that GHGs cannot be the cause of present global warming. But as Allison and col-
leagues [2] point out: ‘This finding is consistent with the view that natural CO2 
variations constitute a feedback in the glacial-interglacial cycle rather than a pri-
mary cause.’  

The EPICA/Dome C ice cores already give us a view of climate in the Ant-
arctic over the past 800,000 years, and show data for eight previous glacial cycles 
[21]. These ice cores form an ancient library of the Earth’s past history. But once 
these and other, smaller, ice caps – particularly tropical glaciers – are destroyed by 
melting, the library is likewise destroyed.  

From ice cores and much other evidence, we now know that over the past three 
million years or so, our planet has passed through a series of Ice Ages, in which 
global volumes of ice advanced and retreated in a regular pattern, with correspon-
ding changes in sea levels. Astronomical factors have also been invoked to explain 
these recent ice ages. In the early decades of the 20th century, the Serbian engineer 
Milutin Milankovic refined an older theory explaining the ice ages by variations in 
the shape of the Earth’s orbit, and in the tilt and wobble of the Earth’s axis.  

These variations, caused by the gravitational influence of other planets on the 
Earth, vary the distribution of the Sun’s insolation to the Earth on cycles of vary-
ing lengths. One cycle of approximately 100,000 years length seems to match the 
waxing and waning of the recent ice ages. In brief, these changes in Earth’s orbit 
are ‘the pacemaker for glacial-interglacial cycles’ [2]. However, these small 
changes are amplified by various climatic feedbacks to give the large changes we 
find in the proxy records we have for global temperatures and ice volumes that oc-
cur as Earth moves from glacial to interglacial periods. 

Figure 2.3 shows that atmospheric CO2 ppm have risen in a regular pattern, and 
it might be thought that climate will change in a similar manner. But as the science 
writer Fred Pearce puts it: ‘Nature doesn’t do gradual change’ [32]. Others talk of 
tipping points in the climate system [2, 38]. This realisation came about for Earth 
scientists in the 1980s, when the results from the Greenland ice cap cores were 
published. What the scientists found was that abrupt swings in climate – such as a 
10 ºC drop in temperature – could occur in as little as two decades.  
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More recent research has found that, at least regionally, significant change 
could occur in a matter of less than a year [37]. While our general circulation 
mathematical models do a good job of retrospectively predicting seasons on Earth, 
they do a poor job of predicting such abrupt climate changes. So for a fuller un-
derstanding of climate change we also need detailed studies of past climates, as 
well as mathematical models. Yet all our present policies regarding climate 
change implicitly assume that the change will be gradual, with plenty of warning.  

We can also learn much that will be useful for anticipating both future chal-
lenges and how to deal with them from studying the recent, documented past. Ex-
treme weather events like floods, droughts and heatwaves can be analysed to de-
termine both their impacts and how successful were the human responses to them. 
Given that the frequency of such events is projected to rise, acquiring such knowl-
edge for different regions is urgent [31]. 

2.2.5 The Polar Regions Are Critical 

The two polar regions, and the Arctic in particular, are critical for several reasons. 
First, as predicted by climate models and as verified empirically, warming in the 
Arctic has been at a rate 2–3 times faster than global temperature increases over-
all. Some parts of the Arctic have warmed by as much as 5 ºC, which is at least as 
much as the IPCC expect for the world overall from a doubling of atmospheric 
CO2 from pre-industrial levels. The Arctic is thus a laboratory for climate change 
effects, helping us to anticipate the likely changes in store for the more populous 
regions. 

First, major changes have already occurred in Arctic temperatures, snow and 
ice cover, and nutrient availability, which in turn have caused major ecosystem 
changes [36]. Lemming and other small rodent populations have crashed because 
of diminished protective snow cover. Insect pests are expanding northwards, and 
red foxes are displacing Arctic foxes. The spring melt is occurring earlier, result-
ing in a longer growing season for both aquatic and land ecosystems. While this 
can have beneficial effects, caribou calving dates have not advanced, so that 
calves are no longer born at the seasonal peak of food availability for caribou.  

Second, warming in the Arctic is globally significant, because it may cause 
large releases of CO2 and CH4 presently safely trapped in the frozen soils of the 
tundra. These releases would enhance global temperature increases. Arctic warm-
ing is also the cause of the recent rapid disappearance of summer Arctic sea ice 
[36]. Melting sea ice doesn’t contribute to sea level rise, but it does decrease the lo-
cal surface albedo, as does reduction in terrestrial snow cover, since open water 
(and bare land or vegetation) absorb a larger fraction of the Sun’s incoming radia-
tion than ice or snow-covered surfaces. This lower albedo results in local enhanced 
warming on land, and subsequent permafrost degradation and GHG release. 

Third, the warming is already affecting the Greenland icecap, which, if com-
pletely melted, would raise the level of the world’s oceans by seven metres. Re-
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cent satellite measurements suggest that both the Greenland and the Antarctic ice 
sheets are losing mass at an accelerating rate [20, 44]. Even if globally averaged 
temperatures showed little future rise, local increases at the poles could still be 
catastrophic for us.  

James Hansen, a prominent US Earth scientist, thinks that the key issue for us 
is sea level change [18]. How fast can these ice sheets disintegrate? Hansen calcu-
lated that an additional global warming of 1.0 ºC is all we can afford if we are to 
avoid the eventual break-up and melting of the Greenland ice sheet. Once melting 
is underway, it is not easily stopped. Building up ice sheets takes millenia, as 
snow is added year by year, but disintegration, once started, is assisted by several 
feedback mechanisms, and can occur fairly rapidly. But it might, or might not, 
take centuries. The trouble is that we can’t be sure what temperature change will 
occur for a given rise in CO2 and other greenhouse gases because of the uncertain 
effects of feedbacks from water vapour, aerosols, and clouds. (We discuss climate 
uncertainty in Chapter 4).  

The disappearance of all the icecap of Antarctica can be readily shown to raise 
sea levels globally by 52.8 metres. Complete melting of the 3 km thick Greenland 
ice cap would contribute 6.6 metres to sea levels, and the most vulnerable part of 
the West Antarctic ice sheet 3.3 metres [2]. Our far descendants may well have 
different lifestyles to ours, but even they probably won’t want to live under ten 
metres or so of water. Our continued emissions of GHGs into the atmosphere 
clearly raises intergenerational equity issues. 

2.3 What Impacts Can We Expect? 

As we have just seen, one well-publicised effect of global warming is sea level 
rise. The severity of the changes will, in general, depend on the temperature rise. 
Hence changes can be expected to become more severe with time, depending, of 
course, on the success or otherwise of our efforts at climate mitigation. Many 
studies, including the 2007 IPCC report (e.g., [2, 25, 31, 35, 39]) have discussed 
the projected impacts of future climate change in detail. The more important prob-
able impacts discussed in these studies are summarised as follows: 

• Water volumes stored in glaciers and snow cover will decline, reducing sum-
mer and autumn stream flows in many populous areas. This could be a parti-
cular problem in the Himalayas, which is the origin of many of Asia’s most 
important rivers. Runoff and water availability will fall in much of the mid-
latitudes and dry tropics, although increases can be expected at higher latitudes 
and some wet tropics. Drought-affected areas will rise, as will the frequency of 
extreme precipitation events, so that the risk of both floods and droughts will 
rise. (Average annual rainfall is not always a good indicator of a region’s suit-
ability for agriculture.) Extreme precipitation events will in turn lead to dispro-
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portional increases in soil erosion, which along with droughts and floods, will 
adversely affect agricultural output. 

• Sea levels will rise both because of the thermal expansion of the upper layers of 
the ocean, and the contribution from net loss of terrestrial ice, particularly in 
the Arctic. At present, thermal expansion dominates, but melting ice is pre-
dicted to dominate sea level rise in the longer term. The IPCC predicts a rise 
above year 2000 levels of 0.18–0.59 metres by 2100, but cautions that ‘future 
rapid dynamical changes in ice flow’ were not considered in arriving at this re-
sult [41]. Other researchers, on the basis of more recent data, predict much 
greater increases. Allison and co-workers [2] give two meters rise as an upper 
limit while James Hansen [18] thinks that the 21st century sea level rise will be 
several metres. At present, 160 million people live less than one metre above 
sea level. Coastal flooding will increase, as will salt water intrusion into coastal 
fresh water aquifers. The oceans will also become progressively more acidic as 
their CO2 concentration rises, with potentially serious consequences for organ-
isms with calcareous shells. 

• Increases in the frequency and severity of heatwaves will raise human mortality 
in many areas, but will be offset to some extent from declining deaths from 
cold spells. Warmer temperatures will expand the range of many diseases and 
crop and forest pests. In North America, an increase in the frequency of cardio-
respiratory diseases because of higher concentrations of ground-level ozone is 
anticipated, the latter a result of climate change. People at risk from dengue fe-
ver are projected to rise to several billion later in the century.  

• In mid- to high-latitude regions, some warming will initially help cereal and 
pasture yields by extending the growing season, but will lower yields in 
warmer areas, because even minor warming will lead to rises in temperatures 
above the optimum for photosynthesis. In the African Sahel, yield decreases 
may already be occurring [25]. Further warming will lead to lower yields in all 
areas. The rising severity of extreme climate events, along with increasing risk 
from fire, pests and disease outbreaks will further lower agricultural and forest 
production.  

• The ecological effects from global climate change are already being felt (see 
Section 2.2.4). For example, species are migrating polewards and to higher alti-
tudes in response to rising local temperatures [31]. Ecosystems do have some 
capacity to adapt to climate and other changes, but temperatures are presently 
rising at several times their historical rate. Further, ecosystems face multiple 
stresses (e.g., from pests, diseases, ocean acidification, pollution and fires) 
which together are likely to exceed their limits for adaptation. Sea surface tem-
perature rises of 1–3 ºC will lead to more coral bleaching and mortality. More 
generally, for rises of 2–3 ºC above pre-industrial temperatures, 20–30 % of 
species will increasingly be at high risk of extinction. 
Climate change is not the only factor that is causing adverse impacts on the envi-

ronment. Pielke and colleagues [34] point out that, in the Philippines, excessive 
groundwater extraction is lowering coastal land surfaces by 1–2 orders of magnitude 
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each year more than that from global sea level rise. (One ‘order of magnitude’ is used 
to indicate an approximate factor of ten, two orders of magnitude a factor of 100, and 
so on.) Ground water pumping, not climate change, is thus mostly responsible for the 
increasing risk of coastal flooding. In many countries, the risk is increasing over time 
because a higher proportion of the population lives near the coast.  

Malaria is another example. Pielke and colleagues report on a study which 
forecasts a 100 % rise in malaria by 2080 as a result of non-climate change factors 
(such as population increase). In contrast, climate change would only result in a 
7 % rise by 2080. They conclude:  

Virtually every climate impact projected to result from increasing greenhouse-gas concen-
trations – from rising storm damage to declining biodiversity – already exists as a major 
concern [34].  

Their points are well-taken, but a fear with progressive rise in GHGs is that 
abrupt or irreversible changes in climate could occur (as borne out by the climate 
record), rather than the gradual changes we have come to expect.  

2.4 What Should We Do? 

Two approaches are possible for dealing with global climate change: mitigation 
and adaptation. The IPCC’s 2007 report devoted a separate volume to each of 
these approaches [6, 31]. Mitigation attempts to avoid the climate changes dis-
cussed above by either reducing the levels of GHG concentrations in the atmos-
phere, or by changing the albedo of Earth, and so counteracting the ‘forcing’ from 
increasing GHG concentrations. Methods for GHG reductions include more use of 
renewable energy, nuclear energy and energy efficiency to cut energy-related car-
bon emissions, together with carbon sequestration and storage to prevent the CO2 
from fossil fuel combustion and land use changes reaching the atmosphere. Adap-
tation, on the other hand, involves the implementation of policies to counter the 
expected harmful impacts of ongoing global climate change. Here we will deal 
with both mitigation strategies for the most important non-CO2 GHGs, and adapta-
tion to a changing climate.  

2.4.1 Mitigation 

We discuss the possible mitigation strategies in detail in Chapters 5–9, but the fo-
cus there is largely on CO2 reductions. Production of the most important CFCs is 
already being phased out under the Montreal Protocol to protect the ozone layer. 
Hydrofluorocarbons (HFCs) are presently used to replace CFCs in refrigerators 
and air-conditioning units, but it is now realised that although HFCs don’t damage 
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the ozone layer, they are, like CFCs, many thousand times more effective than 
CO2 at trapping outgoing radiation.  

Velders and others [45] modelled the anticipated growth of these compounds 
out to the year 2050. By 2050, their results showed, annual HFC atmospheric 
emissions, measured on a GtCO2-e basis (one Gt is one billion tonnes), could be 
9 %–19 % of total CO2-e emissions, assuming a business-as-usual scenario. Most 
of the high projected growth resulted from the surge in refrigerator ownership in 
the newly industrialising countries. From an Earth System Science viewpoint, the 
move to ozone-friendly refrigerants has been a mixed success. 

The growth rate of atmospheric emissions of methane is the result of the bal-
ance between emissions to the atmosphere from both natural (e.g., termites, wet-
lands, etc) and human sources, and its removal by photochemical destruction. This 
removal is caused by the hydroxyl radical, the leading atmospheric oxidant [8]. 
Growth in anthropogenic methane emissions to the atmosphere slowed during the 
1990s, but growth rates have now started to rise again. This growth could be 
caused by reductions in hydroxyl radical levels, which would raise the lifetime of 
methane in the atmosphere.  

Reducing the anthropogenic emissions of methane is advocated as a means of 
taking effective action against climate change because the atmospheric life of 
methane is only a decade or so, compared with the centuries-long life of CO2. Cut-
ting methane emissions thus promises to mitigate climate change in the short term, 
but only if the reductions are continued indefinitely.  

Around half of all methane emissions arise from the agricultural sector, and 
these are anticipated by the IPCC to grow by around 60 % by 2030 [6]. Better 
management of both livestock and their manure might reduce methane production 
from enteric fermentation by cattle. A more radical solution would involve the 
human population moving to a more vegetarian eating pattern. But flooded rice 
paddies also release methane; improved rice cultivation techniques could help cut 
their emissions.  

Methane is also slowly released by garbage landfills. Using landfill methane 
has a double benefit: it not only directly lowers the release of an effective GHG, 
but, when used as a source of energy, also reduces fossil fuel combustion. How-
ever, it is variable in both calorific content and production rate, making its use dif-
ficult in gas grids. Natural gas is presently enjoying the fastest growth of any fos-
sil fuel, which will tend to increase methane releases from natural gas fields and 
gas pipelines. There is scope for reductions from these sources, but in any case, 
natural gas has far lower CO2 releases per unit of energy than other fossil fuels. 

About 60 % of N2O emissions comes from agriculture. Because of the need for 
greatly increased agricultural output to meet the needs of a rising population, the 
IPCC [6] expect agricultural N2O emissions to grow by 35 %–60 % by 2030. The 
timing and amount of nitrogenous fertiliser applications to soils can be improved 
both to cut emissions of N2O and reduce water pollution. Nevertheless, conflicts can 
occur between the need to reduce N2O emissions and the need to enhance agricultural 
output per hectare in the face of declining land availability and soil erosion losses. 
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2.4.2 Adaptation 

Adaptation to adverse climatic conditions is hardly a new idea. Irrigation can 
compensate for low rainfall, air-conditioning can maintain human comfort levels 
in the face of high temperatures. Crops are already adapted to the area in which 
they are grown; tropical fruits are not grown in the orchards of northern Europe, 
for example. As we have seen, climate change will, initially at least, hit hardest in 
the tropics, if only because crops there are already close to their optimal level for 
photosynthetic activity [25]. At the same time, the technical and organisational 
capacity for adaptation is often low in tropical countries, especially the poorest of 
them. Adaptation as the main global policy for responding to climate change runs 
the risk of placing the costs of adverse climate change on the poorest countries, 
despite most of the cumulative emissions having come from the industrial coun-
tries. Mitigation policies, in contrast, will, initially at least, target high per capita 
emitters, as in the Kyoto Protocol.  

Adaptation to climate change has started, and will continue, with many coun-
tries already factoring climate change into their water supply plans and coastal sea 
defence systems. Even if the world soon starts to dramatically reduce its annual 
GHG emissions, global temperatures will continue to rise, for two reasons. First, if 
we stopped all emissions today, temperatures would continue to rise for decades 
because of the thermal inertia of the oceans, which represent an enormous heat 
sink. This committed rise is estimated to be about 0.6 ºC [35] in addition to the 
0.76 ºC that has already occurred. 

Second, institutional inertia will ensure that emissions at some level will con-
tinue for decades to come. The world economy is over 80 % powered by fossil fu-
els, and their share is still rising. Fossil fuel infrastructure represents a very large 
and still rising investment, and is long-lived – coal power stations can last a half-
century or so. If all fossil fuel power stations, in operation, under construction, or 
planned, are used to the end of their economic lives, very large increases in at-
mospheric CO2 concentrations will result. 

As we will discuss in more detail in Chapter 3, climate change is only one of 
the drivers of the adverse environmental changes we face. Hence the capacity for 
adapting to future changes from any cause needs to be enhanced. But adaptation 
also has its limits. As climatologist Michael Mann [25] points out, reliance on ad-
aptation as the main or even only strategy would be risky, since in most future 
emissions scenarios, ‘many of the predicted climate-change impacts are also likely 
to exceed the capacity for humans (or ecosystems, for that matter) to adapt.’ Also, 
we would increasingly have to adapt to rapidly changing conditions, and even 
abrupt changes, if we do not make massive attempts at climate change mitigation. 
For adaptation to work, we have to know what we are adapting to. Thus adaptation 
is a slippery slope, since if we commit ourselves to it as our main strategy, we may 
not be able to mitigate the change in climate if our ability to adapt to climate 
change diminishes. 
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2.5 Climate Change, the Public and Policy-making 

So far, we have looked at the science of global climate change and the greenhouse 
gases responsible for the changes. The overwhelming majority of climate scien-
tists consider that continued accumulation of GHGs in the atmosphere will lead to 
corresponding average surface temperature increases. As evidenced by the pro-
gressively stronger language of the four IPCC reports from 1991 to 2007, their 
confidence in the reality of global warming is rising. We have also analysed the 
serious changes likely to result as our planet progressively warms, and how we 
must respond. Nevertheless, scientists have not been successful in communicating 
this urgency to the general public or their policy-makers. Why is this the case, and 
what can be done to rectify this situation? How can we develop policy responses 
that match the gravity of the climate change problem? 

Evidence for the polarisation of the controversy among the reading public can 
be obtained from the Amazon books website [3]. In early 2010, the entry ‘global 
warming’ produced almost 4,500 hits and ‘global climate change’ over 2,500 hits 
for books available from Amazon which at least mentioned this topic. Both sides 
of the controversy are represented, with 32 books discussing the term ‘global 
warming myth’ and 24 books discussing the ‘global warming hoax’. Despite the 
small number of titles, books by sceptics sell well; an earlier search in 2002 found 
that the two top-selling books had sales of 176 thousand for climate sceptic Fred 
Singer (compared with 128 thousand copies for environmentalist Jeremy Leggett). 
This website also showed that those buying books on this topic don’t seem to read 
books from the other side of the controversy, as evidenced by the lists provided by 
the Amazon website of other books they purchased [29].  

These readership numbers contrast sharply with the reviewed literature. 
‘Google Scholar’, which lists scholarly articles, gave only a few hundred entries 
for ‘global warming skeptics’ and ‘global warming hoax’ combined in early 2010. 
The term ‘global warming’, on the other hand, produced over 400 thousand hits. 
Very few articles in the peer-reviewed scientific literature are by global warming 
sceptics, as distinct from controversies among climatologists themselves, who ac-
cept the reality and seriousness of global climate change, but argue about the in-
terpretation of model results, for example. 

Other research has found that support for the reality of serious climate change 
varies with knowledge regarding climate change. A 2008 survey in the US found 
that such support among all Earth scientists polled was 82 %, but among clima-
tologists only, the figure rose to 97.4 %. A Gallup poll survey of the general public 
suggested that only 58 % would have responded positively [13]. Furthermore, an-
thropogenic climate change is supported by the academies of sciences of many 
countries, including all those with major Earth science research programs [12]. 

This still leaves open the question of why public support on this question is so 
much lower than it is for climate experts. Public support for the reality of serious 
climate change appears to be subject to the availability effect. For example, when 
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the public is polled on which mode is safer on a fatalities per million passenger-
km basis, many respond that cars are safer, because of the vivid images conjured 
up by major air disasters. In fact commercial air travel is far safer [47]. Similarly, 
in Europe, surveys reveal that public belief in climate change varies with average 
summer temperatures.  

Based on a survey in the south of England, Lorraine Whitmarsh [46] stated the 
problem bluntly:  

Overall, the findings show a tendency for the public to dissociate themselves from the 
causes, impacts, and responsibility for tackling climate change/global warming.  

Lorenzoni and Hulme [22] surveyed attitudes in Italy and the UK, and found 
that providing information on climate change in order to change public attitudes 
and behaviours had enjoyed limited success. These and other surveys suggest that 
public scepticism may well result from an appreciation of the major changes 
needed if climate change is to be effectively tackled. The general acceptance of an 
anthropogenic cause of stratospheric ozone depletion supports this idea; alterna-
tives to CFCs were available and at an acceptable cost. Phasing CFCs out thus had 
negligible overall economic impact. 

Many blame the media for presenting a biased view on climate change, charg-
ing that they under-play the near consensus among climate scientists discussed 
above. However, as Boykov and Boykov [7] have argued, media reportage on 
climate change has consistently adhered to journalistic norms of ‘personalization, 
dramatization and novelty’, and that it is these norms that have hindered the un-
derstanding of the issue by the public. The aims of the various media and scien-
tists only partly overlap on the climate question. 

Other groups with a keen interest in the issue are the energy intensive indus-
tries, and, of course, the fossil fuel energy companies themselves. These corpora-
tions, and their shareholders, have much to lose if limits are put on CO2 emissions, 
or if heavy carbon taxes are implemented. In the 1990s and early years of the 21st 
century, their approach was to fund climate sceptics and to found groups opposed 
to the reality of global warming, such as the ‘cooler heads coalition’ [29]. More 
recently, their tactics appear to have shifted. Many coal mining companies now 
support ‘clean coal’, by which they mean carbon capture and sequestration (see 
Chapter 8). In general, big industry has appropriated the word ‘green’ which is 
now used to describe hybrid cars, more efficient appliances, corn-based ethanol 
and so on. 

In summary, it is not surprising that the public, even in OECD countries, has a 
poor understanding of the science of global climate change. The topic is a very 
complex one to understand, as climate scientists themselves readily acknowledge. 
The media do not help, favouring controversy over an understanding of the issues. 
The low level of basic science understanding in most countries, even those of the 
OECD, is a further barrier. Industries initially saw their self-interest as supporting 
climate sceptics, and in general opposing attempts to lower fossil fuel emissions, 
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or at least fossil fuel use. In Al Gore’s famous summary, global warming is ‘An 
Inconvenient Truth’. In more recent times, the industry approach has moved to at 
least verbal support of climate change mitigation policies. Many oil exporting 
countries, however, continue to deny the reality of global climate change. 

2.6 Closing Comments 

Significant global climate change has already occurred, and the problem is not go-
ing to go away. The CO2 we have released over the past century or so will remain 
in the atmosphere for centuries, even millennia, to come. The response of the 
global climate system to given changes in concentrations of heat absorbing GHGs 
is obviously a question that is best addressed by climatologists, but clear-cut an-
swers are hard to come by. The topic is extremely complex, with the climate sys-
tem exhibiting multiple feedbacks, both positive and negative, operating at differ-
ent timescales.  

The observed change in climate is not regular; it proceeds in a jerky fashion, as 
evidenced by the year-to-year ups and downs in global average surface tempera-
tures. This internal climate variability makes it very difficult to unambiguously as-
cribe observed anomalous climate patterns in the short term, for example, the de-
crease in rainfall in Eastern Australia in recent decades, or the European heatwave 
in 2003, to climate change. It also allows scepticism to flourish.  

Global climate change policies must have an ethical component. At least for the 
medium term, poor countries will bear the brunt of adverse climate change, for 
two reasons. First, most of the world’s poor live in the tropics, which is expected 
to experience declines in agricultural output. Such declines could be catastrophic 
for the many largely agricultural countries with still-rising populations. Second, 
low income countries have neither the financial resources, nor, in many cases, the 
administrative capacity, to successfully adapt to rapid climate change. As stressed 
by climatologist Michael Mann [25], ongoing climate change will see a net redis-
tribution of resources, mainly from the low- to the high-income countries. A stress 
on individual country adaptation, rather than on mitigation, will worsen this ine-
quality in consequences. 
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Chapter 3  
Earth’s Resources Are Finite 

3.1 Introduction 

Discussions on the future availability of both fossil fuel energy and minerals im-
portant to modern economies are sharply polarised. There are those who see limits 
approaching for fossil fuel use and minerals availability, as well as for ecosystem 
services such as fresh water and pollution absorption capacity provided at no cost 
by nature. Richard Heinberg [31], in a book of the same title, argued for ‘Peak 
Everything.’ This view was most famously put forward in the 1972 book ‘Limits 
to Growth’ by Donella Meadows and others [45]. There are many more recent ex-
ponents of this view (see e.g., [6, 18, 33, 60]).  

A group of prominent Earth scientists led by Johan Rockström [62] have gone 
further by attempting to put numerical limits on what they call a ‘safe operating 
space for humanity’. They identify nine Earth system processes and their associ-
ated numerical threshold values, which if exceeded could lead to ‘dangerous envi-
ronmental change’. They are: 

1. climate change; 
2. rate of biodiversity loss; 
3. nitrogen cycle and phosphorus cycle; 
4. stratospheric ozone depletion; 
5. ocean acidification; 
6. global freshwater use; 
7. change in land use; 
8. atmospheric aerosol loading; and 
9. chemical pollution. 

The authors claim that the first three of their Earth system processes have al-
ready exceeded safe limits; for the case of climate change, atmospheric CO2 levels 
are near 390 ppm compared with their recommended 350 ppm. For items 4–7, pre-
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sent values are within from 2.5 % to 35 % of their recommended safe values, and 
with the possible exception of ozone depletion, closing in on these limits. 

A competing view is that limits to provision of fuels, minerals, etc can be cir-
cumvented by technological ingenuity [3]. Non-conventional fossil fuels can re-
place depleted conventional fossil fuels if the need arises; mining progressively 
lower-grade ores, together with substitution and recycling of used products can 
solve possible raw material shortages; and new non-carbon energy sources, carbon 
capture and sequestration, and ultimately geoengineering, can mitigate any effects 
of global climate change.  

In this chapter we present material which, we think, can help resolve this dis-
pute. We use the ‘Earth Systems Science’ approach discussed in Chapter 1. We 
will be particularly concerned with the energy costs of both energy and mineral 
extraction, and interactions that can occur, for example, between the biosphere and 
the climate system. Also, we will stress that all resources occur in individual na-
tion states, who will not necessarily want to sell them freely on the international 
market in future.  

3.2 Earth’s Energy Flows 

Sooner rather than later, we will have to shift to renewable energy (RE) sources. 
Examining the energy inputs to Earth enables us to get a rough idea of the potential 
for the various types of RE. The first and by far the largest input of energy into the 
Earth system comes directly from the Sun. The power output from the Sun is 
386 trillion terawatt (one terawatt (TW) = 1012 watt), but less than one-billionth of 
this radiation is intercepted by Earth. Even so, about 5.6 million EJ of solar energy 
arrives annually at the top of the atmosphere, with the power input there on a plane 
normal to the insolation being 1,366 W/m2. Some 30 % of this value is reflected 
back into space by the atmosphere and the Earth’s water and land surfaces – the al-
bedo of the Earth is thus 0.3, as shown in Figure 2.1. The rest, 3.9 million EJ, is ab-
sorbed by the atmosphere, and land and ocean surfaces [28]. Table 3.1 shows the 
energy flows on Earth that could potentially be tapped as RE sources. 

Without the insolation from the Sun to warm the Earth, the temperature would 
be very near absolute zero, with starlight the only possible radiative heating source 
available. As we have noted, the Sun brings Earth’s average temperature up to 
around 15 ºC (288 K). Heating a building on a cold day with fossil fuels might 
raise the temperature from 5 ºC to 20 ºC (278 K to 293 K); the remaining 278 K has 
been provided by the (passive) solar energy the insolation provides. Yet we do not 
count this energy as part of our total primary energy consumption, probably be-
cause it is always available and taken for granted. And in a strict thermodynamic 
sense we cannot.  



3.2 Earth’s Energy Flows 39 

Table 3.1 Global Earth energy flows in EJ/year  

Energy type Global energy flow  
Solar (total at top of atmosphere) 5,600,000 
Solar (absorbed by land and oceans) 3,900,000 
Wind 115,000 
Biomass 3000 
Ocean waves and currents 630 
Hydro  130–160 
Osmotic transition: river-sea 95 
Geothermal 1300 
Tidal 76 
Sources: [1, 28, 44, 51] 

From the second law of thermodynamics, the availability of energy (or more 
correctly, the ability to do work from heat) depends on there being a temperature 
difference between the heat (energy) source and the point at which the spent heat 
is exhausted. Even though there is a vast reservoir of energy in the atmosphere, we 
cannot access this unless we can find a location on the globe with a significantly 
lower temperature than that of the surrounding atmosphere, such as in the deep 
oceans. Or we could, if local variations in temperature exist sufficient to create 
movement of the gases in the atmosphere, access this energy in the form of wind, 
as we now do.  

Only a small fraction of the absorbed insolation drives the Earth’s winds. Most 
of the wind’s energy lies in the jet streams. According to Archer and Caldeira, 
‘The jet streams, meandering currents of fast winds generally located between 7 
and 16 km of altitude, have wind speeds that are an order of magnitude faster than 
those near the ground’ [1]. These authors also state that the total energy in the jet 
streams is about 100 times global energy demand, or about 50,000 EJ. Others es-
timate total wind energy as about 2 % of insolation, which would give a higher 
value of 115,000 EJ [50]. Some of the wind energy at the ocean surface is diverted 
into wave energy, estimated to dissipate about 630 EJ annually.  

Fully one third of insolation drives the hydrological cycle on Earth, but only 
a very small fraction of this is available as the potential energy of terrestrial runoff 
– about 130–160 EJ, according to Hafele [28]. In addition to this potential energy, 
the osmotic pressure difference between river fresh water and salt water is also a 
theoretical, but untapped, energy source, with a potential of around 95 EJ [44].  

Further radiant energy is used in photosynthetic activity, which fixes carbon in 
plants. Net Primary Production (NPP) of the planet is the gross biomass produc-
tion by land and ocean plant matter, less the respiration of the plants themselves. 
Global NPP is estimated at about 3,000 EJ, with around 1,900 EJ on land, equiva-
lent to 120 billion tonnes of dry plant matter. NPP is not constant, but varies annu-
ally depending on the global weather. It is also probable that it is now lower than 
it was before the massive forest losses of the past two centuries. 
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The second source of energy arriving at the Earth’s surface comes from the 
Earth’s interior. Geothermal energy is mainly a result of the residual energy from 
the Earth’s formation around 4.5 billion years ago, and its subsequent bombardment 
by other sub-planetary objects in its neighbourhood. Another source is from the heat 
energy released, largely in the Earth’s crust, by decay of the radioactive isotopes of 
uranium, thorium and potassium [27]. This heat energy arrives at the surface mainly 
by conduction, and is very small compared with insolation; for the continental crust 
it averages only around 0.06 W/m2, and for the planet overall 0.08 W/m2 [5], nearly 
four orders of magnitude less than globally averaged terrestrial insolation.  

Like insolation, geothermal energy flows vary greatly with location. The flows 
are greatest in regions of tectonic activity, and so are usually associated with vol-
canoes and earthquakes. The presence of magma close to the surface in some loca-
tions increases the thermal gradient, and so the heat flows in these locations are far 
greater than the average, allowing commercial exploitation for energy.  

The third and smallest source of energy is tidal energy, resulting from the gravi-
tational pull on the Earth and its oceans from the Moon, and to a much lesser ex-
tent, from the Sun and the other planets. The annual total power input from the 
Earth-Moon system is around 2,500 GW or 76 EJ annually, and nearly all (96 %) is 
dissipated in the oceans, mostly at coastlines [52]. Like geothermal energy flows, 
the Earth-Moon tidal power has gradually decreased over the millennia, and will 
eventually drop to zero. 

3.3 Fossil Fuels Availability 

Over 80 % of global primary energy use is derived from fossil fuels, a share that is 
still rising. The question of how long we can continue at the present annuals lev-
els, or at the even higher levels many anticipate for the future, is a vital one. Dis-
cussions on future fossil fuel availability are often hindered by uncertainty about 
exactly what is included as reserves. For oil, we will follow the definitions of the 
Association for the study of Peak Oil and Gas (ASPO) [2] and include as ‘non-
conventional oil’ heavy oils (e.g. oil sands and shale oils), oil extracted from polar 
and deep water fields, and natural gas liquids.  

Justification for this wider definition of non-conventional oil is that to ensure a 
reasonable rate of return on investment, deep-water oil is reported to need a price 
of $US 70/barrel and oil sands $US 90/barrel [2]. For Enhanced Oil Recovery in 
the North Sea fields, $US 100/barrel is needed [30]. In contrast, conventional oil 
production costs for many fields, especially in the Persian Gulf, can be as low as 
$US 10/barrel [12, 19].  

Similarly, ‘unconventional gas’ includes coal seam gas, shale gas, tight gas etc. 
It also includes the huge resource base of ‘clathrates’ or methane hydrates, found 
off the coast in many regions of the world, and in permafrost.  

World consumption of all fossil fuels in 2008 totalled 417.0 EJ, an increase of 
2 % over 2007. The consumption for oil, coal and gas was 164.5, 138.5 and 
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114.0 EJ respectively [9, 36]. Because of the global financial crisis, fossil fuel use 
fell in 2009, and in the first quarter of 2010, daily oil consumption was still below 
2008 levels for the same quarter [38]. ASPO [2] consider that production of con-
ventional oil (by their restrictive definition) peaked in the mid-1990s, and more 
controversially, that production of all oil, both conventional and non-conventional 
peaked in 2007. (Indeed, ASPO claims that production of oil and gas from all 
sources combined peaked in 2007.) Certainly, oil production in the years 2008 and 
2009 was less than in 2007, but whether a peak (or even a plateau) in production 
has occurred can only be known with hindsight.  

When calculated on a per capita basis, global annual oil consumption peaked 
30 years ago at 29.8 GJ/capita (5.37 barrels/capita). Per capita consumption was 
remarkably constant at around 25 GJ from the early 1980s to the mid 2000s, but is 
now falling again [9]. The world-wide switch from oil to other fuels for non-
transport uses, and especially the collapse in oil use in the former USSR to less 
than half of the 1990 value, allowed large countries like China and India to raise 
their own per capita use while still keeping global use per capita constant. How-
ever, the potential for fuel-switching from oil for non-transport purposes is now 
close to exhaustion. Also, oil use is again rising in the former USSR, so that fur-
ther rises in, for example, Asia, must be at the expense of other regions, unless 
global consumption growth can once again rise above population growth. 

How do the various official organisations view the future for oil? Both the lat-
est International Energy Agency (IEA) World Energy Outlook [37] and the EIA 
International Energy Outlook [19] are still upbeat about future oil demand, with 
forecasts for 2030 production and consumption around 105 million barrels per day 
(mbd) in their base case, compared with around 85 mbd today. Even so, they have 
steadily lowered their estimates of global demand in 2030 over the past decade 
from about 120 mbd [42]. Similarly, the Organization of the Petroleum Exporting 
Countries (OPEC) [54] has lowered its base case forecast down to 105.6 mbd from 
the 117 mbd of only two years earlier.  

Further, this common estimate of about 105 mbd implies that global oil demand 
per capita will continue at around its present value out to the year 2030, assuming 
UN median population estimates [70]. In summary, no official organisation is pre-
dicting that on a per capita basis, oil use will ever rise to its level of the late 1970s. 
There are indications that official bodies such as the EIA and the IEA may be 
aware of how serious the world oil supply situation really is, but are playing down 
the risk to avoid panic in international financial markets [12, 42].  

Even if there is general consensus that the era of cheap oil is over, disagree-
ment persists over future production of unconventional oil – and natural gas. The 
disagreement is not over the resource base for unconventional oil, particularly 
from oil sands and oil-bearing shales, but over how much can be economically ex-
tracted, and at what annual rate. The IEA [37] consider that:  

The total long-term potentially recoverable oil-resource base, including extra-heavy oil, 
oil sands and oil shales (another largely undeveloped, though costly resource), is esti-
mated at around 6.5 trillion barrels.  
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This figure is equivalent to 40,000 EJ, dwarfing the ‘proved reserves’ estimate 
of BP [9] for oil, which includes a small fraction of the Canadian oil sands re-
source. But how much of this vast amount can we expect to extract, and in what 
time frame? 

The present extraction rate for heavy oils is 4.3 mbd, or 9.6 EJ/year, mostly from 
Venezuela. ASPO foresee all heavy oil production rising to a peak of 17.4 EJ per 
year in 2030. Canadian production from its tar sands stood at only 1.2 mbd in 2009 
[69]. A detailed study of the Canadian tar sand industry by Soderbergh and col-
leagues [67] focused on the difficulties of supplying sufficient energy for upgrad-
ing, and on the environmental constraints on rising output, especially its global 
warming implications. They concluded that a ‘short-term crash programme from 
the Canadian oil sands industry achieves about 3.6 mbd by 2018. A long-term crash 
programme results in a production of approximately 5 mbd by 2030’. (Respec-
tively, 3.6 mbd and 5.0 mbd are 8.0 EJ/year and 11.2 EJ/year).  

Other forecasts are only a little more optimistic, with the 2007 IPCC Report 
[65] envisaging 4 mbd (8.9 EJ/year) by 2020. Another study gave an output in 
2035 of 6.3 mbd (14 EJ/year) in its most favourable scenario for tar sands [69]. 
Given that shale oil is even more costly to extract than tar sands, it seems unlikely 
that heavy oils and other unconventional oil sources can make up for the expected 
shortfall in conventional oil availability in the coming decades. 

According to BP [9], proved reserves of natural gas at the end of 2008 were 
185 trillion m3, the equivalent of 1,221 billion barrels of oil, or about 7,000 EJ. 
They are thus about the same size as proven oil reserves. Natural gas also has very 
large unconventional resources in place, particularly if methane hydrates are in-
cluded. This resource is commonly estimated to be as large as 20,000 trillion m3 
[8], or more than 75,000 EJ, which could supply us with gas for 150 years at pre-
sent annual global energy use. However, development of this resource risks mas-
sive releases of methane, a potent greenhouse gas [55].  

BP lists the proved recoverable coal reserves as about 18,000 EJ for all coal 
types, but the ultimately recoverable reserves are often cited as many times higher 
(e.g., [65]). In contrast, several recent studies [20, 47, 53] have argued that ulti-
mately recoverable coal reserves are much lower than these optimistic estimates. 
Unlike listed oil and gas reserves, reserves of coal in some countries have been 
drastically revised downwards in recent years [20].  

If the annual production profile based on these lower reserve estimates for coal 
are combined with the ASPO production profiles for oil and gas, then combined 
fossil fuel production could well peak in a couple of decades [51] (see Figure 1.1). 
If so, we need to start preparing for fossil fuel depletion now, given the long lead 
times for alternatives to these convenient fuels. 

All estimates for fossil fuel reserves, whether conventional or unconventional, 
may be beside the point, because they ignore production costs. All agree that the 
costs of unconventional fossil fuel resources extraction will be much higher than 
for conventional fuels, as illustrated above for oil sands and deep water oil. But as 
Bezdek and Wendling [7] stress, all energy sources, whether fossil fuel, nuclear or 
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renewable energy, are subsidised, even without factoring in their environmental 
costs. Cost comparisons are therefore difficult to make, as prices are distorted.  

A different approach is to use energy analysis to evaluate and compare both 
conventional and alternative energy sources. Energy analysis, popular in the 1970s 
is less so today, although a related process, life cycle analysis, is more widely 
practiced. The energy ratio measures the ratio of energy output of a given energy 
source to the energy inputs to the production of that output energy, with both usu-
ally converted to primary energy units [22, 23, 32]. Energy inputs include all the 
energy costs of manufacturing the inputs, along with the energy costs of operation 
and maintenance, and the energy costs of decommissioning the energy device at 
the end of its useful life. 

So defined, the energy ratio has a minimum value of zero (an example would 
be for a wind turbine located in an area with no wind), but for any value between 
zero and 1.0, no net energy is generated – the input energy exceeds the output en-
ergy. No major energy source can have a ratio below one, since not only will there 
be no net energy, but the monetary and energy costs needed to construct and oper-
ate the energy conversion equipment could be avoided. (If a particular type of en-
ergy is regarded as vital to our well-being, such as that derived from food, then a 
ratio of less than one may be accepted; specialist industries might also accept 
these costs if there is no alternative).  

In practice, energy ratios much higher than this minimum value are needed, per-
haps as much as five [29, 50]. It then becomes simple in principle to evaluate candi-
date energy sources by calculating their energy ratio. However, in practice the cal-
culations can be difficult, because of data deficiencies and uncertainty about where 
to draw the system boundaries. We take up these points in more detail in Chapter 7. 

The calculated energy ratios for fossil fuels have been declining over the years, 
as cumulative extraction rises. This decline is to be expected, since the most ac-
cessible reserves are tapped first. In the early years of a new energy source, tech-
nological improvements can lead to increasing energy ratios, but this effect de-
clines as the technology matures. For oil and gas, Cutler Cleveland [15] has 
documented the decline for the ratio for US oil and gas fields since the 1930s, 
while Day and others [18] have pointed out that in recent years, global (conven-
tional) oil exploration energy costs have exceeded the energy recoverable from the 
oil found. In other words, it is likely that for conventional oil yet to be discovered, 
the net energy obtainable is near zero.  

No such figures are available for coal, but Nel and Cooper [53] showed that for 
coal mined in the US, the lower heating value of the coal has fallen by almost 
20 % since 1960. Since the energy expended on the extraction of lower quality 
coal can be expected to be similar to that for higher quality coal, the energy ratio 
for coal will have also fallen by at least this amount. (The energy needed to mine 
each tonne of uranium is also expected to rise steeply with cumulative extraction 
[71], as we discuss in Chapter 6.) 

Will a decline in conventional fossil fuel availability be good news for the 
environment? Will it decisively reduce our carbon emissions? It could, if it causes 
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a move away from fossil fuels to alternatives and reduced energy use because of 
rising fuel costs. But there is another possibility – it could also mean an upsurge in 
the use of non-conventional fossil fuels. We are already seeing rising use of non-
conventional oil, with its higher energy demands, and so carbon emissions, per 
unit of secondary fuel delivered. In sum, conventional fossil fuel depletion could 
help or hinder mitigation – it all depends on our response. 

3.4 Mineral Resource Availability 

Like fossil fuel reserve estimates, mineral resource availability is subject to vary-
ing opinions from experts. Table 3.2 presents data on the most important elements 
– all except phosphorus in the list are metals – used in industrial society. Since es-
timates of recoverable reserves vary greatly, depending on the source cited, the 
values shown for ‘estimated reserves’ are indicative only. In any case, they vary 
with level of technology and price. Concern about exhaustion of these essential 
minerals is not new, but rose to prominence with the 1972 publication of the best-
selling ‘Limits to Growth’ [45]. Some of the most commonly used metals, particu-
larly iron and aluminium, comprise several % of the Earth’s crust. Others, such as 
copper, have a high annual extraction rate, but are present in the Earth’s crust at 
very low ppm by weight.  

The non-metal phosphorus is vital to human existence, being an essential nutri-
ent for all the Earth’s life. Accordingly, it is also an essential nutrient for our 
crops. Although experts disagree on how much remains, many argue that a short-
age is coming, with profound effects on the world’s future food supply [24]. There 
is, however, some potential for recycling from waste-water treatment plants. Rob-
erts and Stewart [61] gave the reserves of phosphorus as 13.2 megatones (Mt, one 
million tones), and the reserves base as 51.8 Mt. They defined reserves as the total 
available at less than US$ 40 per tonne and the reserves base as the total available 
at less than about US$ 100 per tonne, both in 1992 dollars. The reserves base 
value is close to the value listed in the Table 3.2.  

The far lower value for phosphorus reserves (as distinct from reserves base) 
emphasises the point that for all minerals, both fuel and non-fuel, the amount 
deemed recoverable varies with price. Since phosphorus is the 11th most abundant 
element in the Earth’s crust, the main issue is not absolute scarcity, but the mone-
tary, environmental and energy costs of extracting our growing demand from the 
declining ore grades we will have to use in the future. Except for common metals 
like iron and aluminium, the cut-off grades for economic recovery are several or-
ders of magnitude higher than their crustal abundance.  

Peter Chapman [14] in his 1975 book ‘Fuel’s Paradise’, using copper as an ex-
ample, discussed how the energy costs of mining vary with the grade of the copper 
ore. The mining energy per tonne of copper was found to follow a U-shaped 
curve, first decreasing as extraction and processing efficiency rose, but ultimately 
increasing as efficiency improvements levelled off, and the need to shift and proc-
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ess ever-increasing amounts of ore dominated the energy costs. Other things being 
equal, a 0.1 % ore body requires producers to process 10 times as much ore as one 
with 1.0 % concentration, with a similar rise in environmental damages. In the fu-
ture, a further complication will be added, for as we have seen, the energy costs of 
winning fossil fuels are themselves also expected to grow.  

Chapman’s example assumed that the theoretical energy requirement per tonne 
of metal rises roughly exponentially with time (or with cumulative extraction). 
Figure 3.1(insert) illustrates the case in which the total mass of an abundant ele-
ment in the crust (typically greater than 0.1 % concentration), when plotted against 
mineral ore concentration, gives a monomodal distribution, with little of the total 
occurring at either very high or very low ore grades.  

 

Figure 3.1 Skinner’s mineralogical barrier hypothesis (After Skinner [66]). Biomodal distribu-
tion is for an element with abundance less than 0.1% of the Earth’s crust; monomodal (insert) for 
abundance greater than 0.1 % 

But Skinner [66] has hypothesised that for elements scarce in the crust (abun-
dance less than 0.1 % concentration or 1000 ppm), as are many of the elements 
important to our economies (see Table 3.2), the distribution is bimodal, as shown 
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in the main figure. We are currently mining ores of acceptable grade to the far 
right of these curves, but if the ‘mineralogical barrier’ hypothesis is true, in future 
we may have to obtain our metals at the far lower concentrations given by the left 
hand curve. Note that the ‘grade’ axis has a logarithmic scale. 

Table 3.2 Reserves, uses, and annual extraction of key elements, circa 2005 

Element Crustal ppm 
by wt  

Estimated re-
serves (Mt) 

Current extraction 
(tonne/yr) 

Main uses 

Aluminium 80,400 32,350 2.4×107 Aircraft frames, industry 
Antimony 0.2 3.86 1.2×105 Flame retardant 
Chromium 35 779 4.8×106 Steel alloying 
Cobalt 10 – 3.5×104 Steel alloying 
Copper 25 937 1.3×107 Electrical conductors 
Gallium 17 – 90 Semiconductors, PV cells 
Germanium 1.6 – 70 Semiconductors 
Gold 0.0018 0.09 2600 Jewellery, industry 
Hafnium 5.8 0.001 50 Semiconductors 
Indium 0.05 0.006 340 LCDs, PV cells 
Iron 35,000 – 5.7×108 Industry, construction 
Lead 20 144 3.1×106 Batteries 
Lithium 20–70 11.0 17.5×103 Batteries 
Nickel 20 143 1.3×106 Stainless steel  
Palladium 0.0005 – 150 Catalyst 
Phosphorus 1,000 49,750 2.4×107 Essential plant fertiliser 
Platinum 0.001 – 160 Catalyst e.g., fuel cells  
Rhodium 0.0002 – – Catalyst  
Silver 0.05 0.569 1.8×104 Jewellery, coins, tableware, 

industry, electronics 
Tantalum 2.2 0.153 1000 Mobile phones 
Tin 5.5 11.2 2.8×105 Plating, electronic solders 
Titanium 3,000 – 7.3×104 Steel alloying 
Tungsten 2.2 – 4.4×104 Steel alloying 
Zinc 71 460 8.8×106 Galvanising 
Sources: [16, 21, 25, 54, 57, 59, 61, 74] 

Above this mineralogical barrier, Skinner hypothesised that the various ele-
ments occur in ore bodies from which they can be extracted with relative ease. Be-
low this barrier, the elements occur in ore bodies from which it is ‘chemically 
challenging and energetically expensive’ to extract them [57]. At present, not 
enough empirical evidence is available to test this ‘mineralogical barrier hypothe-
sis’. Overall, though, the evidence suggests that the monetary, energy and envi-
ronmental costs of supplying minerals will all rise in the future.  

One approach often discussed as a means of overcoming the rising costs of 
mining virgin ores is to recycle the elements at the end of their useful life. But re-
cycling has its own limits, for several reasons. It is often the case that the material 
to be recycled is too dispersed to collect: an example would be the particles of tyre 
rubber left on roads from braking. Similarly, the valuable metal platinum, used as 
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a catalyst in 3-way catalytic converters, comprises as much as 1.5 ppm of roadside 
dust in the UK [16]. Another example is the use of zinc in galvanising, which is 
again an inherently dissipative use [25]. A related point concerns the conflict be-
tween recycling and materials use efficiency. As Robert Ayres [4] argued: 

Unfortunately, one of the adverse consequences of miniaturization in electronics is that 
more and more TVs, PCs, mobile phones, battery powered devices and other electronic 
devices are being scrapped and not recycled. This is because the actual quantity of any 
given metal (such as copper) is too small a percentage of the total mass of electronic cir-
cuitry for economic recovery.  

Ayres added that these conclusions also apply to platinum, since technical ad-
vances have lowered platinum use per vehicle and so reduced incentives for re-
covery. Overall, miniaturisation in electronics and efficiency gains in material use 
will both tend to inhibit recycling. We find in the ever more diffuse spread of 
spent resources echoes of the second law of thermodynamics. Little or no effort is 
required to generate work, or wealth, from a highly concentrated source of energy 
or resource, whereas much greater effort is needed when it is diffuse or low in 
concentration. And, after use, all highly concentrated sources tend to a higher state 
of disorder as measured by their greater dispersion.  

Another limit on recycling arises from growth in the use of any particular ele-
ment or material. In spite of millennia of use, Gordon and co-workers [25] found 
that only 2.5 % of the 400 Mt of copper produced during all human history was 
mined and smelted before the year 1900. Over the 20th century, copper production 
grew at more than 3% per year. Since orders of magnitude differences exist in per 
capita stocks of copper in different countries today, high growth rates will con-
tinue if the industrialising countries are ever to catch up with the OECD. Even 
with high levels of recycling, growth in virgin metal use would continue. Similar 
points could be made for many other metals important today.  

Another possible approach is the substitution of one scarce element, or one 
available only at low concentrations, with a more abundant element. Thus alumin-
ium could substitute for copper in most electrical applications. However, as 
Gordon and colleagues [25] stressed, this approach has its costs. Because alumin-
ium has a lower electrical conductivity than copper, a greater mass of metal would 
be required; the size of some components would increase, as would the quantity of 
waste heat to be dissipated by power lines and motors. It is often very difficult to 
change just one thing. 

Overall, these researchers concluded that the reserves of some important metals 
seem inadequate if all the world’s people aspire to OECD standards of living. Fur-
ther, technology advances can change the pattern of demand, as new uses are 
found for metals. As an important example, US researchers Feltrin and Freundlich 
[21] pointed out that the widespread development of some promising PV cell 
types could be constrained by the limited global reserves of key elements. Simi-
larly, platinum scarcity may inhibit development of hydrogen fuel cell vehicles, 
which use platinum as a catalyst [77]. 
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An alternative vehicle propulsion source would use rechargeable batteries, es-
pecially lithium-based batteries, which have the highest specific energy (energy 
stored per unit mass) of any battery. Lithium is widespread, but usually at very 
low concentrations [74]. A reserve base of 11 Mt of lithium is given in Table 3.2, 
but a recent assessment gave a value of only 4 Mt [54]. Given growth of other lith-
ium uses, this lower reserve base could only support 6.3 million plug-in hybrid 
cars in 2020. This figure is negligible compared with the projected global car fleet 
of over one billion in 2020 [54]. 

Not only are the level of reserves relative to annual extraction important, but so 
is their global distribution. South Africa has 88 % of the world’s platinum and 
rhodium; Australia over 50 % of both hafnium and tantalum, with Brazil having 
the remaining 48 % of tantalum; Morocco holds 42 % of the phosphorus reserves 
[16]. China has developed a monopoly over a group of elements known as the 
Rare Earths, which are vital components for both consumer electronics and even 
green technology [41], although recent new mine developments elsewhere may 
help change this. As with oil, the global reserves of a given metal ore may be a 
misleading guide to future availability for importing nations.  

3.5 Humans in the Biosphere 

Although some economists still seem to believe that humans can now get by with-
out nature, the risk of pandemics like avian and swine flu has alerted many to our 
close inter-dependence with Earth’s other living species. We humans also depend 
heavily on the natural world for many services provided by Earth’s ecosystems, 
such as for pest control and cultivated crops. In this section we detail the chal-
lenges that arise in attempting to match our growing demand for these services to 
a supply which is, at best, fixed. 

3.5.1 World Population Growth and Food and Water Availability 

The facts of world population growth are not disputed. Global population fluctu-
ated at low levels for millennia, and only reached one billion around 1820. Since 
then it has grown rapidly, and was nearly seven billion in 2010 (Figure 3.2). Pres-
ently, the annual increase is around 75–80 million per year, down from an all-time 
maximum value of 86 million in 1990. Present growth corresponds to an annual 
growth rate of about 1.1 %, appreciably lower than the all-time peak of 2.1 % in 
the late 1970s. The total fertility rate for women over their lifetimes fell from 5–6 
children in the 1950s to 2.6 children today [56]. The UN forecast that the global 
population will reach between 7.96 and 10.46 billion by 2050, with the median 
projection being 9.15 billion [70]. The peak in population is not expected until the 
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second half of this century – barring catastrophe, or an extraordinary drop in fertil-
ity in high-growth countries, of course. 

Population growth is now no longer the exponential growth that so worried 
Malthus, but roughly a constant annual addition to our numbers. Half the world’s 
population now have fertility rates that have fallen below replacement level, in-
cluding most of Europe, both east and west, East Asia and North America [56]. In 
many OECD countries, population is only growing, if at all, because of migration 
from poorer nations. Declines in fertility are occurring in countries which cover 
the spectrum in per capita income, religion, and political complexion. These points 
are accepted by all knowledgeable observers, but the debate about what we should 
do continues.  

The conflicting views on population can be roughly grouped into three posi-
tions. Techno-optimists believe that continued population growth is not a problem; 
on the contrary, the decline in fertility in many Western countries below replace-
ment level is often seen as the real population problem. Earlier supporters of this 
position were the economists Colin Clarke and Julian Simon, but a more recent 
view is that of Jesse Ausubel [3], who, as we have seen, argued that the world can 
readily support 20 billion people. He pointed out that since the average productiv-
ity of global agricultural production is far behind the best national value, it should 
be possible to continue the long-term growth in output per hectare. However, both 
rainfall and soils fertility differ greatly from country to country. 

Another argument often used by this group is that with sharply reduced popula-
tion growth in many OECD countries, the population is ageing, with negative con-
sequences for economic growth and adequate provision of future old-age welfare 
services. But the age limit for retirement can be raised, so that the ratio of workers 
to even older dependants can be maintained. Canadian researchers [11] recently 
examined the publication record of nearly 14,000 academics – a profession close 
to our hearts. Their results show that older academics, those in their 50s and 60s, 
published on average almost twice as many papers annually as younger research-
ers (those in their early 30s). Further, the papers by the older group were just as 
highly cited. It appears that an older workforce will not impair creativity, at least. 

What about the general workforce? A study that examined this question in an 
Australian context [26] found that there were both costs and benefits for busi-
nesses from employing older workers. The authors concluded that overall, net 
benefits were more likely. It seems that an older workforce would raise few diffi-
culties, even in a business-as-usual economy. 

A second group argues that over-population is the paramount problem facing 
the world today. Only by reining in human numbers soon, they say, can we hope 
to address the other environmental and political challenges we have to confront. 
Responding to the potential for vast increases in food production, they stress that 
we are not even providing an adequate diet for the present world population. The 
absolute numbers of hungry people fell from 1950 until the 1990s but is now ris-
ing once again. Further, Lester Brown of the Earth Policy Institute has long 
stressed that annual production of food grains, which form the bulk of human di-
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ets, has on a per capita basis been falling since 1984, after peaking in that year at 
342 kg/person. By 2006, it was down to 302 kg/person [10].  

 

Fig. 3.2 Growth of world population, years 1–2010 current era. Inset shows data for 1850–2010. 
Source: [43] 

Table 3.3 gives a rough picture of global land use as it existed around the year 
2000. About 10 % of all land area is already under cultivation, a share that is ex-
pected to rise only slowly in the future. The figure for grassland and pastures in-
cludes both rangeland and natural grasslands. All figures are only approximate, 
and of course some are changing over time. Urban area estimates vary by an order 
of magnitude between different studies, from 0.3 million km2 to as high as 3.5 mil-
lion km2 [63]. Nevertheless, it is clear that the total area of the world given over to 
human settlements and the transport links between them is growing rapidly in step 
with both urban population and land transport growth. 
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Table 3.3 Global surface by category, circa 2000 

Category Area  
(million km2) 

Area  
(% of total Earth surface) 

Area  
(% of land area) 

Oceans 361.3 70.8 – 
Land-total 148.8 29.2 100.0 
Forest and woodland 42.0 8.2 28.2 
Cropland 15.0 2.9 10.1 
Pasture and grassland 33.0 6.5 22.2 
Urban settlements 1.0 0.02 0.06 
Deserts and non-ice wasteland 42.0 8.2 29.6 
Ice cap 15.8 3.1 10.6 
Total  510.1 100.0 100.0 
Source: [34] 

Not only does population increase usually lead to lower arable land per capita, 
but various feedbacks are at work to lower it even further. Rising populations, 
along with rising urbanisation, industrialisation and motorisation has led to large 
areas of land given over to houses, factories, highways and car parks. Even though 
the area for human settlements is a small share of the total (see Table 3.3), the loss 
is often of the best and most accessible arable land. Additional farmland is lost be-
cause of salination of irrigated fields, land that is badly eroded, and even to ad-
vancing deserts. Declining water availability is another factor affecting agricul-
tural output. Cities divert water from farms for industry and residences, as they 
can outbid farms for this resource.  

Worldwide, availability of clean water is becoming a major issue, and is per-
haps even more important than oil availability. Shen and co-workers [64] pointed 
out that present global water withdrawals are about 3,800 km3/year, but will likely 
exceed 6,000 km3 by the year 2055, according to IPCC scenarios. Already, accord-
ing to the UN, some 1.4 billion people live in ‘water stressed’ countries, mainly in 
North Africa and the Middle East, a figure they projected could rise to seven bil-
lion by 2050, spread over 60 countries. [48]. (The UN defined ‘water stressed’ 
countries as those with less than 1,700 m3 of fresh water per capita.) Globally, ag-
riculture consumes about 70 % of all freshwater withdrawals.  

A study by Postel and others [58] found that humans in 1995 already appropri-
ated one quarter of the estimated 69,600 km3 of all terrestrial evapotranspiration, 
based on the NPP used by humans. (Human appropriation of NPP itself is also al-
ready very significant, as we show below). Human needs for in-stream flow, such 
as for pollution dilution and water quality, were included as freshwater appropri-
ated. The total terrestrial run-off to the oceans, including that from ground water, 
they put at 40,700 km3 per year. Much of this run-off, including most of that from 
rivers remote from population centres (such as from the Amazon River), and most 
floodwater is unavailable to humans. They estimated that in 1995, more than half 
the run-off that was temporally and spatially available to humans was already be-
ing utilised. 
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As an example of how water scarcity is already being experienced, in China, 
India and Iran, aquifers as deep as 1,000 metre are now having to be tapped for 
water, entailing heavy energy costs for pumping [10]. Elsewhere, in the arid but 
oil-rich countries of the Persian Gulf, much water is supplied by seawater desali-
nation, an energy intensive process. Water, food, and energy scarcity will be in-
creasingly interwoven problems in future.  

Ocean fisheries are similarly in decline, with two-thirds of ocean fisheries now 
either fully or even over-exploited, or at least depleted. The global ocean fish 
catch rose from only 19 million tonnes in 1950 to an all-time high of 93 million 
tonnes in 1997. On a global per capita basis, the increase was from 7 kg in 1950 to 
a peak of 17 kg in 1988, but has since fallen to 14 kg [10].  

The oft-quoted piece of wisdom to the effect that by giving a family a fish they 
can eat for a day, but giving them a fishing rod enables them to eat every day, is 
no longer true. We simply have too many fishing rods – or rather factory ships – 
in the world’s oceans. Advances in fishing technology have not provided more 
fish; they have simply enabled us to push many of the world’s most important 
fisheries closer to exhaustion at a faster rate. Fish farming can replace some of the 
decline in wild fish landings, but aquaculture requires land that competes with 
conventional farming. Ocean salmon farms need cheaper fish as feedstuff, just as 
poultry do.  

An interesting third position on population is that adopted by science writer 
Fred Pearce [56]. He asked what, in light of the continuing and widespread fall in 
fertility mentioned above, a concerted population limitation policy could hope to 
achieve above what was already happening. Along with a number of other re-
searchers, he stressed the very high consumption patterns of the west, and argued 
that the real over-population problem lies there (or rather here, with us).  

It is certainly true that car ownership levels, annual plane trips per capita, and 
other indices of modern consumption can vary by up to three orders of magnitude 
between high and low income countries [49]. We could even express global popu-
lation in ‘OECD-equivalent people’ terms, so that even the slow overall OECD 
population growth would still look excessive. But the trouble is that most of the 
world’s population aspire to the material living standards of the OECD – all would 
like to be ‘OECD-equivalent people’. At this level of affluence the world may 
only be able to sustainably support a far lower population level than today. Ac-
cording to the Optimum Population Trust in the UK, this figure is between 2.7 and 
5.1 billion [76]. 

3.5.2 Declining Ecosystem Service Provision  

In 2005 the Millennium Ecosystem Assessment (MEA) was published, which com-
prehensively examined the state of the global environment. The document’s central 
message was that the ecosystems of the Earth provide humans, and all living crea-
tures in general, with a large variety of ecosystem services. Without these, life 
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would simply cease to exist. From a human viewpoint, provisioning ecosystem ser-
vices include the provision of essentials such as food (cultivated crops, livestock, 
wild plants, animals and fish), and fresh water, as well as forestry products [46].  

These obvious services rest in turn upon a number of other, less-obvious regu-
lating ecosystem services, including pest control (vital to the productivity of our 
food and fibre crops), plant pollination, and the regulation of air quality and global 
climate. Yet another set of services are cultural, including the recreational and 
aesthetic values we derive from nature [13, 46]. Some of these ecosystem services 
we have already discussed, such as food and water provision; here we discuss the 
others not yet covered. 

In their update of the MEA, Carpenter and colleagues [13] argued that the natu-
ral environment is decreasing in its ability to provide many of these vital ecosystem 
services. They showed that the human use of ecosystem services of all three kinds 
is rising, but that this is generally accompanied by a declining ability of the natural 
world to provide these services. This decline was particularly pronounced for pro-
visioning and regulating ecosystem services. Rising human populations increase 
the demand for ecosystem services, but at the same time, decrease their supply.  

Rising human demand for these services can also put these services in competi-
tion with each other. This is best illustrated by the potential conflict between the ex-
pansion of important sources of renewable energy (such as biomass or hydro) on the 
one hand, and the production of food, fibre and forestry products on the other. The 
Earth’s annual terrestrial NPP, as we saw above, is about 120 billion tonnes of dry 
matter, or 1,900 EJ in energy terms. Human appropriation of this NPP (HANPP) ei-
ther directly, such as for food or feedstock for domestic animals, or indirectly, in-
cluding lost biomass production from urbanisation, is a large and growing fraction 
of NPP, estimated to be anywhere between 10 % and 55 %, depending on what indi-
rect items are included. Yet humans account for only about 0.5 % of the Earth’s to-
tal biomass of heterotrophs (those that need organic carbon for their growth) [35].  

Attempts to further increase our share of total NPP may be self-defeating. Axel 
Kleidon [40], using a ‘coupled dynamic vegetation-climate system model of inter-
mediate complexity’, simulated what would happen to global NPP as HANPP con-
tinued to grow beyond his present-day estimate of 40 %. He found that as HANPP 
increased as a percentage of NPP, the absolute value of NPP started to fall, because 
of a deteriorating environment on Earth. For HANPP values beyond about 45 %, 
the absolute HANPP value itself (as measured in grams of carbon/m2/day for ex-
ample) also began to decline.  

If we continue in a ‘business-as–usual’ manner, rising global population will 
lead to ever-rising demands for food, fibre, forestry and forage, at the same time 
as on-going climate change will, overall, likely have adverse effects on output (see 
Chapter 2). Any attempts to add to our already large take of NPP with greatly ex-
panded biomass output look set to be at the expense of other provisioning services. 
Again, we see that a partial analysis of biomass energy gives a misleading picture 
of its sustainable availability in a world with simultaneous demands for multiple 
ecosystem services. 
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3.5.3 Declining Species Diversity 

Well into the 20th century, miners in some countries took canaries with them into 
the underground mines to assess the presence of toxic gases, as canaries are more 
sensitive than humans to gases such as carbon monoxide. If the canary became 
sick, the miners took this as a warning to evacuate the mine or don respiratory 
masks [72]. Today, not just individual organisms, but entire species are going ex-
tinct at an unprecedented rate. This loss is serious in its own right, as we are mov-
ing the biosystem into unchartered territory – just as we are for the climate system. 
But, like mine canaries, these losses should also act as a warning to our own spe-
cies as well.  

We do not know how many species inhabit our planet. About 1.6 million spe-
cies have been described, but estimates for the total number on Earth range as high 
as 40 million [75]. Extinction is the natural lot of species, as it is estimated that 
99.9 % of all species that ever existed are now extinct. A species typically be-
comes extinct within 10 million years of its first appearance. Although extinction 
occurs naturally, the rate is slow; with the fossil record for both marine life and 
mammals indicating a background rate of 0.1–1.0 extinctions per million species 
per year. Today the extinction rate is from 100 to 1,000 times higher [62].  

Sometimes many species become extinct together in Mass Extinction events. 
The geological record reveals five of these, the most recent being that occurring 
about 65 million years ago at the Cretacious-Tertiary boundary, which saw off the 
dinosaurs. The present rapid extinction period is often referred to as the Sixth Ex-
tinction or the Holocene Extinction (The Holocene Epoch began about 11,000 
years ago with the retreat of the major ice sheets). In the present century, as many 
as 30 % of the Earth’s entire mammal, bird and amphibian species will be at sig-
nificant risk from extinction. Functional extinction levels may be even higher, as 
small numbers of a species may not add to functional biodiversity or provide resil-
ience to changes [62]. 

Why should we worry about biodiversity loss, as long as our own species, 
homo sapiens, is not one of the species disappearing? What value does this vast 
proliferation of different kinds of flora and fauna have? Rockström and colleagues 
[62] have stated their general value: with the current rate of species loss, signifi-
cant erosion of ecosystem resilience will occur, because functional biodiversity is 
needed to prevent ‘ecosystems from tipping into undesired states when they are 
disturbed’. They further point out that maintaining an ecosystem’s resilience in the 
face of change requires an apparent redundancy of species. Prominent US biolo-
gist E.O. Wilson argues that the on-going biodiversity loss will be ‘the folly our 
descendants are least likely to forgive us’ [17].  
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3.6 Living Sustainably in the Anthropocene Epoch 

The Earth’s long history of life is divided up into finer and finer divisions of time 
from the largest (eras), then periods, and finally epochs. We are presently in the 
Cenezoic era, Quaternary period, and the Holocene epoch. This Holocene epoch 
has offered an unusually stable physical environment for human civilisations. 
Some now propose that we are entering a new epoch, the Anthropocene, which 
originated with the start of the Industrial Revolution some two centuries ago. In 
this new epoch, however, we can no longer count on this stability which we have 
long taken for granted. Paradoxically, it is our own actions that are undermining 
this stability. 

Some resources on which we presently rely, or might do so in the future, are lit-
tle affected by climate change. Reserves of fossil fuels and uranium, or mineral re-
serves, will be largely unaffected by climatic or other changes, human-caused or 
natural. Nor will RE sources like geothermal or tidal power. (Nevertheless the re-
serve levels for some minerals may need to be reassessed in the light of declining 
energy ratios for fossil fuels, which will raise the costs of production.) But condi-
tions for agriculture, for the spread of diseases, and even the technical potential 
of important RE sources, will all be greatly affected by on-going environmental 
changes.  

Increasingly in the future, if we continue in a ‘business-as-usual’ manner, we 
will face multiple interacting crises. Rising populations will need more food and 
forage for domestic animals, at the same time as farmland and fresh water are lost 
to cities. In many low-income countries, output per hectare is already falling be-
cause of soil erosion [10]. On-going climate change will further tend to lower ag-
ricultural output, because of high temperatures during the growing season, and 
probable rises in the frequency of pest outbreaks. Reserves of fossil fuels and im-
portant minerals will continue to fall, placing further difficulties in the path of 
continued growth in economic output, and, increasing the likelihood of conflict 
over vital mineral and energy resources [39].  
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Chapter 4  
Uncertainty in Global Environmental 
and Resource Problems 

4.1 Introduction 

‘Prediction is very difficult, especially about the future.’ This quote, usually at-
tributed to Danish physicist Neils Bohr, sums up our difficulties. Since we hardly 
ever get the future right, why do we even bother? The answer is simply that we 
can’t avoid doing so. Consider the building of a major infrastructure project, such 
as a large hydro dam, or a new international airport for a large city. From initial 
planning to the start of operation could take a decade or more. The project may 
have an expected life of half a century, perhaps longer. Justification of the project 
will usually be based on comparison of the construction and operation costs with 
the expected stream of revenues from its lifetime operation. A full assessment of 
project feasibility will therefore require estimates of airport revenues, and so air-
port traffic, a half century into the future. 

Our plans for climate change mitigation and adaptation depend largely on what 
we think the climate will be like in the future. We therefore need to get some sort 
of handle on the future. This is easiest in a precise science such as planetary as-
tronomy. We can predict very accurately when eclipses will occur, or when Hal-
ley’s comet will return, for example. We have accurate mathematical models to 
predict these, based on well-validated physical laws. This comfortable certainty 
about astronomy would vanish if human actions could influence its future. If we 
were planning to mine the moon for its minerals, and bring substantial quantities 
of them to Earth, accurate calculation of tidal forces on Earth from the Earth-
Moon system would require us to know the mining schedule on the Moon.  

The above example shows that, in general, there are two parts to the successful 
prediction of future events of human interest. First, we have to get the science 
right: if the CO2 content of the atmosphere doubles, what will be the effect on av-
erage global temperature at the Earth’s surface? Second, when can we expect such 
a doubling of atmospheric CO2 to occur? Part of the answer to this latter question 



60 4 Uncertainty in Global Environmental and Resource Problems 

again is a scientific one, namely, the quantitative relationship between emissions 
and atmospheric concentrations. But more important is the related question: at 
what rate will we combust fossil fuels and change land use practices in the coming 
decades?  

Usually, the questions asked of physical sciences are easier to answer. But 
sometimes predicting human actions is not difficult, because we organise much of 
our lives in a repetitive manner. For instance, it is not difficult to predict the traffic 
level on a certain freeway. All we need to do is to get the figures for the same time 
of day the day before, or perhaps on the same weekday of the previous week. By 
doing this we rely on statistics to link the past to the future, rather than making use 
of a deterministic process, as might occur if our prediction was based on a scien-
tific relationship. We can also fix certain aspects of the future in advance – it may 
be as simple as deciding that our book club meets on the first Monday of each 
month, or that the Melbourne Cup horse race is held each year on the first Tuesday 
in November. 

The more actions are under our control, the more we can plan, rather than 
merely predicting the future. We don’t try to predict what TV program we’re go-
ing to watch tonight, we look at the TV guide and decide to watch a certain show. 
We are then behaving as future makers, rather than future takers, as they say. Tak-
ing this point further, some writers see planning as the solution to our inability to 
predict the future. In general, the greater the power of the decision-making body, 
the greater its ability to control future events. Individual consumers have no con-
trol over prices, but governments can fix prices for long periods. But even large 
countries cannot control the occurrence of earthquakes or hurricanes, or even, it 
would seem, the international price of a barrel of oil. 

4.2 Uncertainty, Prediction and Climate 

A quick look through the window is often said to yield the most accurate forecast 
of the approaching weather. If there is no window, yesterday’s weather might 
prove a reliable guide, or we might base our forecast on that expected for that time 
of year. These approaches have served us well in the past, but what if we require a 
view of the distant future? What if the past is no longer a reliable guide? Under-
standing future weather, and more broadly climate, requires us to model the com-
plex physical processes which govern our climate system. But just as we can’t be 
certain our forecast through the window will be correct, we can’t be certain our 
predictions for future climate will be correct. Only time will tell.  

This section first looks generally at uncertainty, then in more detail at climate 
uncertainty, and finally at the effects of this uncertainty. 
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4.2.1 Uncertainty and Prediction: General Considerations 

Lord Kelvin reputedly declared ‘To measure is to know’. What is it that we know 
by measurement? Since all measurements have error, can we ever know the quan-
tity we seek? In general the answer is no, but by understanding how the measure-
ment was done we can estimate the difference between the measurement and its 
true value. This estimate is known as the measurement’s uncertainty.  

No matter how accurate a measuring device, subtle changes in the way we 
measure the value of a quantity and in the measurement environment will always 
give rise to variation. And different instruments can record different measured 
values of the same event. For a large number of repeated measurements, the varia-
tions will typically follow a normal distribution. Once we know the characteristics 
of this (the mean and standard deviation) we can make statements about the prob-
ability of finding the true value within a range of this variation; that is, we can 
state our confidence in finding the true value within a range of uncertainty. We 
might for example say that the average temperature is 20 °C with an uncertainty of 
±1.0 °C and that we are 95 % confident the true value lies within this range.  

In general, the greater the number of measurements we have of, say, tempera-
ture, the more confident we are that the average of a measured value lies within a 
particular range of uncertainty. But often we might not be able to repeat some 
process; we might only have one measurement of an event, or wish to know only 
about a single event. Here scientists and engineers rely on the statistics of past 
events that are similar, to obtain the uncertainty of that single event. Having a de-
tailed understanding of the statistics of the air temperature in a city like Sydney, 
for example, enables an estimation of the uncertainty of any similar temperature 
measurement taken in the future. Not having to repeat the measurement is impor-
tant, since we know air temperature can change on an hourly basis. 

If we know from past measurement how the temperature varied monthly, daily, 
or even hourly, we could use this data to obtain an estimate of the temperature on 
any future day; that is, we could use it to predict future temperatures. The uncer-
tainty of the prediction would be based on the statistics of all the measurements 
taken on similar previous days, and the greater our past record the greater our con-
fidence in our prediction. These measurements are the basis for our average tem-
perature and rainfall statistics. 

Use of this simple statistical process to predict the future is widespread, but it 
does have significant drawbacks. First, in order to predict future events, similar 
events must have occurred in the past and in sufficient number to produce reliable 
statistics. One cannot predict a ‘once in a hundred year flood’ if the data only go 
back 50 years. If the variations in the system are cyclical, there must be sufficient 
past history to have captured these cycles. Second, if the system is no longer sta-
tionary, in a statistical sense, the past might no longer be a good indicator of the 
future. The effect of climate change on our local weather patterns is an example of 
this lack of stationarity. 
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This lack in the records of past data should not, of itself, be a reason to ignore 
the past if a trend can be observed. One of the roles of statistical analysis is to ex-
tract trends from data by regression analysis, or curve fitting. The increase ob-
served in the Earth’s average surface air temperature over the last two decades is 
an example of this. More complex multivariable analysis of a trend can extract the 
sensitivity to particular variables so that our predictions can be more responsive to 
the relationships between these variables. When examining the history of the 
Earth’s surface temperature we might for example correlate this data to the posi-
tion of the Earth relative to the Sun, the Sun’s activity, the composition of the 
Earth’s atmosphere, and surface albedo.  

Such relationships are statistical and if well-correlated might be causal. But no 
matter how well correlated individual variables are, nor how confident we are 
about the measurements, they cannot be used to explain why we have a particular 
value of the Earth’s surface temperature. To do this we require models based on 
the physical laws governing the mass and energy flows within, and between, the 
Earth’s atmosphere, land, oceans, vegetation and the Sun. Once we have these 
models of the Earth’s climate, we can use measurements to validate their predic-
tions. This often involves use of the historical record obtained from tree rings, ice 
cores or geology if longer times are needed.  

But even here, validation is bounded by measurement uncertainty and the abil-
ity of the models to correctly capture the relationships between the dominant cli-
mate variables. Climate is very complex and even the best climate models contain 
approximations of physical interactions; further, no two climate models are the 
same. And since the past, present and future actions of humans can alter climate, 
our ability to predict climate and weather is becoming much harder.  

4.2.2 Uncertainty in Climate Prediction 

Mathematical models produce precise numerical answers, but, as we have noted, 
they can give a false sense of certainty. Climate modellers recognise this short-
coming, and often give the numerical results from a number of different climate 
models. The general circulation models used in long-range climate prediction are 
based on those used in short-range weather forecasting, and as such are physics-
based. For forecasting weather even one month ahead, there is no need to consider 
the complex interactions between climate and vegetation, but when we try to pro-
ject changes decades ahead (and many climate models are run until the year 2100 
or even later), we have to include interactions of this type.  

The successive IPCC reports have included predictions for global average sur-
face temperatures for various future dates. The latest report, released in 2007 [46] 
forecast a range of anywhere between 1.1 and 6.4 ºC rise by the year 2100 com-
pared with the 1980–1999 average. Most of this variation was the result of differ-
ences in the emission scenarios, which we consider in Section 4.4.3. But the IPCC 
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also gave estimates for equilibrium climate sensitivity – the equilibrium average 
global temperature increase resulting from a doubling of atmospheric CO2 concen-
tration from pre-industrial levels.  

The report concluded that ‘the equilibrium climate sensitivity is likely to be in 
the range 2 ºC to 4.5 ºC, with a best estimate value of about 3 ºC. It is very unlikely 
to be less than 1.5 ºC.’ The report defined the term ‘likely’ as having a >66 % 
probability of occurrence, and ‘very unlikely’ as having a <10 % probability of 
occurrence. Here probability is used to indicate our confidence in the prediction.  

Other researchers doubt that probabilities for the value of climate sensitivity 
can be so neatly nailed down. Problems arise largely because of uncertainty in 
various feedback factors in the climate system, difficulties in the modelling of the 
formation of clouds and their response to climate change, and in the need to model 
connected physical process that occur over a large range of physical scales. 

Different climate models give very different probability density functions for 
the equilibrium climate sensitivity. This implies that not only is the climate re-
sponse to a given radiative forcing uncertain, but also that there is no consensus 
among climate modellers as to the range of this uncertainty [21]. As an illustra-
tion, David Stainforth and colleagues [47] ran many thousands of simulations of a 
general circulation climate model, and found that modelled sensitivities ranged 
from 2 ºC to 11 ºC. The policy implications of these two values would be totally 
different: we could, with some difficulty, adapt to the resulting changes if climate 
sensitivity was at the lower end of the range, but if it was at the upper end, our fu-
ture would most likely be catastrophic.  

It may even be time to abandon the quest for determining a more exact value of 
the climate sensitivity. British climate modellers Myles Allen and David Frame 
[2] think so. The problem, as they see it, is that the presently observable properties 
of the climate system do not allow us to distinguish between a climate sensitivity 
of 4 ºC and one of 6 ºC. As Bader and colleagues noted in their extensive assess-
ment of climate models [7], climate sensitivity is much better constrained at the 
lower end of the range, but we may never have a good idea of the upper end. We 
may never know – beforehand – whether climate change will be merely serious, or 
catastrophic for our future. 

A measure of our imperfect grasp on the climate system can be seen by com-
paring actual measurement of climate variables with IPCC projections. Stefan 
Rahmstorf and his co-workers [37] have done this exercise, and have found large 
discrepancies; the climate system, especially sea levels, appears to be responding 
faster than GCMs indicate. The 2001 IPCC report projected sea levels to rise at 
less than 2 mm annually as a best estimate, but actual rise has been around 3.3 mm 
per year. Even the 2007 IPCC report was seen by many scientists as under-
estimating future sea level rise [1], because it was not able to incorporate impor-
tant findings on ice loss in the more recent peer-reviewed literature.  

Accurate prediction of spatial variations in temperature and rainfall events is 
even more problematic than global prediction. Yet prediction at the regional level 
is vital if policy-makers are to formulate realistic plans for mitigation. Unfortu-
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nately, the various general circulation models often disagree, even giving changes 
for precipitation of different sign for a given region.  

It could well be that further research will not decrease this uncertainty, but 
merely make us realise how complex and uncertain climate change and its many 
feedbacks really are. Certainly our predictive ability has not changed much from 
the first IPCC report in 1991 to the fourth in 2007. Indeed, as pointed out in Chap-
ter 2, today’s average value for climate sensitivity is not much different from that 
calculated by Svante Arrhenius more than a century ago, although our overall un-
derstanding of climate science has improved immensely. If so, as UK climate re-
searcher Andrew Watson [54] has argued, our level of uncertainty will only fall as 
the future unfolds. By then, of course, it may be too late to do anything but try to 
adapt to the changing climate. 

4.2.3 Effects of Climate Uncertainty  

Climate change interacts with other environmental problems in complex ways. 
Nowhere are model uncertainties greater than in climate-biosphere interactions. 
Dunn and Crutchfield [15] even referred to ‘entomogenic climate change’. They 
argued that with rising temperatures, insect infestation of forests will also rise, 
which in turn will lead to carbon loss from forests. Drought also stresses trees, and 
drought-stressed trees are more vulnerable to insect attack. Already, insect infesta-
tion is on the rise, with the recent mountain pine beetle attack in British Colombia, 
Canada an order of magnitude more severe than previous outbreaks [26].  

In Chapter 2 we discussed the importance of climate analogues in the past for 
understanding Earth’s future. During the PETM event around 56 million years 
ago, the atmospheric concentration of CO2 tripled, with a correspondingly sharp 
rise in temperature. Our current rapid rise in CO2 and temperature thus roughly 
parallels the PETM event. Examination of thousands of fossil leaves from that pe-
riod indicated that both the diversity of insect damage and the proportion of leaves 
damaged rose significantly (from 38 % to 57 % as mean temperatures rose from 
10.5 to 21.1 ºC) [12]. Along with forest fires, which climate change is also ex-
pected to make more frequent and more intense, these positive feedbacks are diffi-
cult to accurately incorporate into climate models. 

Uncertainty about the climate of the future has very significant economic con-
sequences. Consider the planning of a large dam, for hydropower or for water sup-
ply. Rainfall and stream flows in the catchment area, and their seasonal distribu-
tion, are obviously very important inputs to the planning process. But if the 
hydrology of the region is no longer well-represented by the past, as hydrologists 
Milly and colleagues [29] have argued, planning large scale infrastructure will get 
more difficult. Already we are seeing ‘once in a 100 year floods’ occurring at far 
greater frequency than planned for. One consequence for very large projects is that 
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construction costs will tend to be badly under-estimated, and benefits in the form 
of future revenue streams will likewise become uncertain [18]. Once these prob-
lems become widespread, it is unlikely that investors will wish to bear the eco-
nomic risk.  

And we also have to consider the uncertainty in public response to the findings 
of climate scientists, as discussed in Section 2.5. Even if climate scientists could 
perfectly predict the behaviour of the climate system for a given level of atmos-
pheric GHGs, it would be of little use if the public and their elected representa-
tives either ignored, or did not believe, their findings. Already in the US, a 2009 
poll reported that only 35 % of the US public believe that global warming is a very 
serious problem, down from 44 % in 2008. The percentages for those believing 
that human activity was responsible for global warming were similar, 36 % in 
2009, 47 % in 2008 [3]. One explanation for the decline could be the widespread 
belief in a decade-long stagnation in average global temperatures as discussed in 
Chapter 2. Presumably, an upsurge in average temperatures that was difficult to 
ignore would reverse these declining percentages. 

4.3 Uncertainty in Resource Estimates and Availability 

Resources, whether for fossil and nuclear fuels, or for non-fuel minerals, are also 
subject to considerable uncertainty, for several reasons. One reason is that differ-
ent authorities do not always mean the same thing when they talk about ‘proven, 
recoverable reserves’, for example. Another is that even if definitions were stan-
dardised, little confidence can be had in much of the available data, either because 
mining companies regard it as proprietary information, or because nations treat re-
serve information as a state secret. Or it may be that the information is simply not 
available; often the necessary exploration is not done because current reserves are 
adequate for many years to come. 

Petroleum reserves provide a good example of resource uncertainty. In the 
1980s, several OPEC countries greatly raised their reserve estimates, not because 
of new finds, but because OPEC production quotas were based on reserves. Saudi 
Arabia reported a rise in reserves from 159 to 260 billion barrels, Iran from 69 to 
131 billion barrels. The other major OPEC producers, Iraq, Kuwait and the UAE 
also reported large increases [5, 11]. For this and other reasons, ASPO estimates 
of proven recoverable conventional oil reserves are significantly below official es-
timates such as that of the US Geological Service [5].  

Even if we knew the reserves of oil and other natural resources with certainty, 
difficulties would still remain in translating this figure into future annual produc-
tion. If reserves are plentiful, and sufficient mine capacity is available, production 
can easily rise to match any annual demand. But as fossil fuel reserves are pro-
gressively depleted, political constraints on global annual production could occur. 
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There are precedents for this: in the past, OPEC has restricted output for political 
reasons. The OPEC countries of the Middle-East are themselves major consumers 
of petroleum [10], but oil, and for some countries natural gas, are also their only 
significant exportable assets.  

In future, they may wish to restrict exports, either to leave more for domestic 
consumption, or so that they have a future source of export income. If they act as a 
group, the OPEC countries can restrict exports to maintain or increase oil prices, 
an action that will be easier when major oil exports are restricted to a small group 
of Gulf states. Because of this possibility, even ASPO estimates of future oil and 
gas production may prove optimistic, since they assume that future production lev-
els will only be constrained by geological considerations, economics and good 
field development practices. Further, the IEA have argued that if oil prices remain 
depressed, investment in new oil production capacity will be discouraged, result-
ing in limited future capacity even if reserves could safely support higher produc-
tion levels [32]. 

As was shown in Chapter 3, non-conventional oil reserves are several times 
greater than conventional, with the majority of the deposits in OECD, not OPEC, 
countries. Couldn’t these supply a reliable, if more expensive, oil supply in the fu-
ture? The main difficulty is their environmental and resource costs, with Canadian 
tar sands, the largest of these deposits, providing a good example of the ambigui-
ties of technical progress. The simplest production method for tar sands is by ex-
cavation, but this approach is both expensive and water-intensive. Even with to-
day’s low production levels, water withdrawals from the Athabasca River in 
winter are already nearing legal limits. A more advanced technique, Steam As-
sisted Gravity Drainage, uses less than 25 % as much water per barrel, but releases 
2–3 times as much CO2 per barrel during production [48].  

The much greater global reserves of shale oil will need even greater amounts of 
energy and water, given their lower concentrations of oil per tonne of mined rock. 
Further, non-conventional oil is expensive to produce, with very large capital in-
vestments required. Already, the downturn in the price of oil has led to a number 
of tar sands projects being either cancelled or delayed. Given these financial risks, 
and those resulting from a possible carbon tax, we cannot expect non-conventional 
oil to make more than an uncertain but most probably minor contribution to over-
coming conventional oil depletion. 

We also do not know to what extent renewable energy will be available in the 
future. Published estimates of technical potential can vary by up to two orders of 
magnitude for individual RE sources. Technical development can be expected to 
generally raise the technical potential for all RE sources, but on-going climate 
change will act to reduce it for some important ones, particularly hydro and bio-
mass, as discussed later in Chapter 5. The most important one, direct solar, could 
be adversely affected by geoengineering projects to raise albedo. RE energy 
sources also need far more land than fossil fuel energy sources, which could, 
among other things, increase citizen opposition.  
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4.4 Responses to Uncertainty 

Researchers in various fields have developed a number of methods for forecasting 
the future. The simplest, extrapolation, works well if the time interval is compara-
tively short, since the possibility of structural changes in the underlying forces is 
small. The method can be readily adapted to deal with cyclic fluctuations, such as 
sales of goods like sunglasses or cold drinks, which vary with the season. An ex-
ample from science of this regular (and predictable) seasonal variation is in global 
atmospheric CO2 levels, which rise and fall in a regular annual cycle, as shown in 
Figure 2.3.  

As noted above, extrapolation methods are all based on the assumption that the 
past is a reliable guide to the future, and as we have shown in Chapters 2 and 3, 
for the interacting environmental problems we are facing, such is increasingly 
unlikely to be the case.  

4.4.1 The Future Is Determined: An IIASA Approach 

An ambitious forecasting technique was pioneered by Cesare Marchetti at the in-
ternational Institute for Applied Systems Analysis (IIASA) in Austria. This ap-
proach was based on the Fisher-Pry substitution model [13], and regarded newly 
introduced technologies – such as for transport, or for energy generation – as pro-
gressively gaining market share at the expense of earlier technologies. The transi-
tions were seen as regular, and as taking place slowly – a new energy source could 
take a century to gain 50 % of the market. The older technologies persist, but en-
joy declining market share. Not only were the changes as regular as clockwork, 
but attempts to change this orderly progression were regarded as futile [44].  

An example is given in Figure 4.1 for global primary energy consumption from 
1800 to 2008. It can be seen that coal replaced the traditional source, wood, as the 
dominant fuel in the last quarter of the 19th century, before it in turn peaked at 
over 70 % share in the first quarter of the 20th century. Since then the situation has 
become more complex, with oil peaking before attaining 50 % share, and as Fig-
ure 4.1 shows, coal even achieving a recent small upturn in global market share. 
Unless all alternative energy sources are grouped together, it is difficult to predict 
from graphs like this what energy source will achieve dominance next. Despite the 
shortcomings of this method, Devezas and colleagues [13] argue that this ap-
proach can still be useful if conservation and energy efficiency, both of which 
substituted for actual energy use, are also factored in. 

Looking at energy consumption and shares over the very long-term gives a dif-
ferent picture. For all human history up to about 1800, solar energy, mostly wood, 
accounted for nearly 100 % of all energy. In the early 19th century, fossil fuels 
started their rise to present dominance, with renewables falling to around 10 % of 
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the total by the end of the 20th century. But later in the 21st century we will proba-
bly see renewable energy regaining the dominant position it had before 1800.  

Instead of an orderly progression of energy sources, a look back from centuries 
hence will show solar’s preeminent position broken for only a couple of centuries 
by a one-off fossil fuel bonanza which gave rise to what we have called the Car-
bon Civilisation. (As we discuss in Chapter 6, nuclear energy, with about a 6 % 
share of total primary energy, is unlikely to be ever more than a minor source.) In 
summary, the neat curves depicted in Marchetti [28] seem increasingly unlikely to 
serve as a reliable guide to future energy shares. In could well be the case that en-
ergy shares in the long-distant past (the Biomass Civilisation) will be a more reli-
able guide than energy use over the past two centuries. 

 

Figure 4.1 Global shares of primary energy consumption 1800–2008. Note: ‘hydro+’ includes 
other RE electricity. Sources: [10, 23, 31] 

A distantly related but more modest approach has been described by two Shell 
International researchers, Gert Kramer and Martin Haigh [25]. They expounded 
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two empirical laws of energy-technology development. First, new energy tech-
nologies initially enjoy several decades of exponential growth, typically increasing 
10-fold per decade, until they account for around one % of world energy produc-
tion (the level wind is expected to attain in a few years). Second, growth in output 
slows, then changes to linear as the energy source attains its final market share.  

The authors claimed that the above pattern has been ‘remarkably consistent’ 
across all energy technologies of the past century. They gave two reasons why the 
exponential growth of the early decades cannot be maintained much past one % 
market share. It takes time to scale up the size of both energy conversion proc-
esses (e.g., cellulosic ethanol plants), and conversion devices (e.g., wind turbines). 
Today’s wind energy output could not have been achieved with the 50 kW tur-
bines of the 1980s. The other reason for the growth slowdown is the limitations of 
industrial capacity. As the authors stressed, you cannot suddenly spend one trillion 
dollars in an industry, like solar PV, which currently spends $30 billion annually – 
even assuming the funds were available.  

4.4.2 Expert Solicitation and Delphi Analysis 

An early technique for prediction, especially concerning the timing of technologi-
cal developments, was to elicit the views of experts in the field. The best known 
technique is the Delphi method, developed by the RAND Corporation in the 
1950s, but still popular today. In this method, a group of experts are polled by 
means of a questionnaire about future development in their field of expertise. Af-
ter the first round, each group member is given a summary of the results, and en-
couraged to revise their forecasts when answering the second round of the ques-
tionnaire. The process can be repeated for a fixed number of iterations, or until the 
group reaches a rough consensus on future developments. The mean or median re-
sult (e.g., for the introduction of some new technology) represents the Delphi pre-
diction [55]. 

Importantly, there are now some analyses on the success or otherwise of this 
50-year old approach in actually predicting future technological breakthroughs. 
Gunther Tichy [49] found that experts in a given area of technology suffered from 
an over-optimism bias caused by the experts’ intense involvement in the technol-
ogy, and their underestimation of the difficulties of ‘realisation and diffusion’. In-
terestingly, he found that top-rated experts exhibited more bias, as did experts in 
industry as compared with those working in government or academia. He thus re-
commended that Delphi respondents be selected from a wider range of both exper-
tise and work backgrounds.  

Utgikar and Scott [52] critically reviewed a major 1974 Delphi study on the fu-
ture of world energy use and technology up to the year 2000. As with Tichy’s 
analysis, the forecasts in this study proved highly optimistic. As examples of this 
optimism, by the year 2000 fast (breeder) reactors were assumed to be generating 
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substantial amounts of power, and fusion power to be established as a viable en-
ergy source. Neither event has come to pass. Another general insight can be 
gained from the analysis of past predictions for various energy sectors. Supporters 
of a given technology tend to see its future as more promising than other research-
ers; Vaclav Smil [44] has shown this effect for renewable energy predictions. It 
seems that skill in researching a given technology is a very different one from pre-
dicting its future path and commercialisation. 

4.4.3 Scenario Analysis 

A very popular approach to dealing with the future is to construct several scenar-
ios. Scenarios are self-consistent stories describing possible futures, and their use 
was pioneered by Shell. Sometimes, as in the International Atomic Energy 
Agency (IAEA) [22] forecasts for nuclear and the Shell [42] forecasts for total en-
ergy production, they may be as simple as upper and lower values. Or, like the 
IPCC emission scenarios, they can be elaborate, with several main ‘storylines’, 
each with a number of variations [39]. (However, the next IPCC report will use 
just four scenarios to cover the range of future emission levels [35]). The position 
of the 2007 IPCC report [8] was that all their scenarios for energy use and GHG 
emissions were equally likely to be realised. 

Others disagree, and several researchers further argue that to be useful for pol-
icy-making, some estimates of probability have to be given for the different sce-
narios. Granger Morgan and David Keith [30] have argued that if probabilities are 
not assigned, the range of future possibilities will be underestimated:  

The more detail that one adds to the storyline of a scenario, the more probable it will ap-
pear to most people, and the greater the difficulty they will have in imagining other, 
equally or more likely, ways in which the same outcome could be reached.  

Their argument receives some support from official estimates for global pri-
mary use in the years 2020–2050, as given in Table 4.1. These all show energy 
growth rising over time, in line with projected rises in world GDP. What is inter-
esting is the very small range in estimates for any given future year, both for any 
one source, or between the various sources. All six organisations report their upper 
and lower energy consumption estimates for the year 2030. The maximum esti-
mate exceeds the minimum of these estimates by only about 20 %.  

Given the large errors found in past estimates of energy consumption, and the 
numerous analyses of these errors found in the literature (e.g., [9, 24, 30, 44, 45, 
53]), this narrow range is puzzling. Morgan and Keith [30] attributed it to the fact 
that energy forecasters ‘have not thought broadly enough about how the future 
may be different from the past.’ One possible reason for this lack might be that the 
sponsoring institutions have their own views about which futures are ‘thinkable’, 
and which ones are not.  
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Table 4.1 Global primary energy consumption projections, 2020–2050, EJ 

Organisation/Source 2020 2030 2050 
EIA (2009) 604–654 662–774 NA 
IAEA (2008) 588–655 679–826 NA 
IEA (2008) NA 661–742 NA 
EC (2006) 571–608 649–706 821–933 
WEC (Schiffer 2008) 616–674 701–847 846–1151 
Shell International (2008) 628–650 692–734 769–880 
Sources: [16, 17, 22, 23, 41, 42] 

In particular, zero economic growth rates are not ‘thinkable’, given that promo-
tion of growth is seen as a key function of governments everywhere. So all six or-
ganisations project continued economic growth, and given the strong historical re-
lationship found between global GDP and primary energy use [19], growth in total 
energy use follows. Projections are also dependent on the time the projections are 
made; in 1981 when oil prices were high, the forecast price in the year 2000 was 
also high – several times the actual. Further, recognition of the present low per 
capita energy consumption in the industrialising Asian countries compared to 
OECD levels, combined with their rapid economic growth, particularly in China, 
seems to have exerted an upward influence on recent global energy forecasts. Sce-
narios are meant to describe plausible or at least possible futures. However, ASPO 
[5] would regard the oil consumption projections of the EIA and IEA as not very 
plausible, because of resource limitations.  

Peterson and his co-workers in the US [36] have analysed scenario planning in 
the context of environmental conservation. They argued that the selection of the 
most appropriate planning tool in the face of uncertainty depends upon two fac-
tors: the level of uncertainty, and the degree to which the system under considera-
tion can be controlled by human intervention. They concluded that ‘Scenario 
planning is appropriate for systems in which there is a lot of uncertainty that is not 
controllable.’ In situations where uncertainty is high but the system is controllable, 
they saw ‘adaptive management’ as a more appropriate response. Perhaps the most 
important benefit of scenarios is that it allows consideration of possible futures 
that are not readily modelled mathematically. 

4.4.4 The Precautionary Principle  

According to risk analyst Michael Rogers [40]: ‘The Precautionary Principle (PP) 
is invoked in the process of risk management when there is a plausible risk sce-
nario but insufficient supporting evidence.’ If subsequent research definitely 
shows that the risks are negligible, it can be revoked, but this eventuality seems 
unlikely for global climate change. As we saw above, the modelled probability 
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distribution function for climate sensitivity, measured in ºC for a doubling of at-
mospheric CO2, is particularly uncertain at the higher end. There is a finite but un-
known risk of catastrophe [27].  

Nor are lesser but still serious risks, as presently assessed by the IPCC and oth-
ers, of very low probability. The EU and others regard 2 ºC as a prudent limit for 
global temperature rise above its pre-industrial value in order to avoid dangerous 
climatic change. As we saw in Chapter 2, Hansen’s limit is even lower. Yet the 
IPCC presented a table showing that a CO2 concentration of 350–400 ppm (445–
490 ppm for CO2-e) would produce a modelled global mean temperature rise of 
2.0–2.4 ºC, assuming a ‘best estimate’ for climate sensitivity of 3 ºC [8]. But CO2 
(and CO2-e) ppm are already in the ranges given. Others have assigned probabili-
ties for exceeding the 2 ºC limit for various emission pathways. One such study 
produced modelled results showing that stabilisation at 450 ppm for CO2-e would 
have little more than a 50–50 chance of avoiding this limit. Higher levels of stabi-
lisation would have an even smaller chance [14]. As we will see in Chapter 10, 
these limits have important consequences for future energy supply.  

Economists Gary Yohe and Richard Tol [56] have looked at the Precautionary 
Principle in the light of the risk of catastrophic climate change. They pointed out 
that if a catastrophe is both irreversible and unavoidable, then all we can do is en-
joy ourselves while waiting for the end. But if catastrophe is avoidable, they ar-
gued that application of the principle would lead us to apply very stringent GHG 
emission reduction policies as early as possible, rather than waiting for greater 
certainty regarding effects of emission rises. In any case as Trenberth [51] put it, 
the future may simply bring ‘More knowledge, less certainty’. 

In brief, even present atmospheric GHG concentrations are as likely as not to 
cause dangerous climate change, according to our best present information. Com-
pare our relaxed attitude toward the prospect of ‘dangerous climatic change’ with 
other risks we face. In the airline industry, changes to design are made if it will 
save a handful of lives per year. Scientists and engineers discuss ways of averting 
asteroids striking Earth, even though the chance of a 100 metre diameter asteroid 
striking Earth is put at around one per 10,000 years [34]. We conclude that for cli-
mate change, at least, there is a very strong case for adopting the precautionary 
principle in policy-making. 

4.5 Responding to a New, More Uncertain, Future 

US futurist Bruce Tonn [50] has argued that we should have a 1,000-year planning 
horizon. In one sense this is absurd – we have enough difficulty looking 5 years 
ahead. But in another sense he has made a good point, since our actions today, 
such as our loading the atmosphere with molecules that absorb longwave radia-
tion, or our underground burial of high-level radioactive wastes, will have conse-
quences that extend for 1,000 years and even well beyond. 
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How should we respond to a future, which, despite the progress of relevant sci-
ences, we find increasingly difficult to predict? One widely-advocated approach is 
to plan our future, rather than passively accepting what happens [43]. For such 
planning to be effective, two conditions must be fulfilled. First, the actions we be-
lieve are required to bring about our desired future must be under our control – 
easy when all we’re trying to do is to visit the local shopping centre. But, indi-
vidually, we have no control over, for instance, the price of petrol. Even govern-
ments of large economies have no control over global CO2 emissions. Only bind-
ing international agreements could make these more predictable. 

Second, assuming we, perhaps collectively, do have such control, we also need 
to be sure that our actions do indeed bring about the desired result. We discussed 
this issue of ‘unintended consequences’ in Section 1.8. Sometimes this is easy – 
we want light in a room so we either pull up the blinds or turn on the light switch. 
There is a very simple chain between cause and effect. Increasingly, however, for 
a number of vital problems facing humankind, we don’t even know what we have 
to do to achieve our desired goals. Nowhere is this more starkly illustrated than 
with our stated goal of avoiding ‘dangerous anthropogenic climate change’. Solv-
ing this problem in principle involves two separate stages. First we specify what 
such ‘avoidance’ entails – let’s simply assume here than the widely used European 
Union’s figure of no more than 2 ºC mean temperature rise above the pre-
industrial value is correct.  

The second step is to specify what this means for our emissions of the various 
greenhouse gases, mainly carbon dioxide. Even if we could specify exactly a 
maximum cumulative emissions target for CO2, how could we develop practical 
policies for implementation in a world deeply divided by per capita income and 
resource use levels? One approach developed in the EU has been to develop an 
emissions trading scheme (ETS) which sets up a market for carbon. A different 
approach, used for sulphur dioxide emissions in the US, but also a possibility for 
CO2 reductions, is to set declining quotas for annual emissions, and allow emitting 
industries to trade permits.  

The problem is that we cannot have both a fixed cap on total emissions, as sci-
entists would like, while at the same time have fixed, or at least predictable, future 
taxes on carbon. Yet without the latter, suppliers of alternative energy sources will 
have little idea of the cost of competing fossil fuel energy sources [33]. Imple-
menting alternative energy projects will thus be more risky. 

There are other problems with this reliance on the market for climate mitiga-
tion. Michael Wara and David Victor [53] investigated the workings of the Kyoto 
Protocol Clean Development Mechanism (CDM) – and found it wanting. The 
CDM allows the developed countries (‘Annex 1’ countries) to offset their emis-
sions by projects in developing countries. The European ETS scheme allows ex-
tensive use of these carbon offsets, which are cheaper than domestic abatement. 
The CDM is large; in 2007 the value of CDM projects was 12 billion Euros. Re-
forestation projects, hydro schemes, and even the phasing out of CFC production 
have all been accepted as offsets.  
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But there are severe doubts as to whether the scheme has a positive impact on 
global emissions reduction. Wara and Victor discussed the capture of HFC-23, 
produced mainly as a by-product of HCFC-22 production, a refrigerant introduced 
to replace ozone layer-destroying CFCs. Like CFCs, HFC-23 is a powerful GHG, 
so that its capture could generate much CDM revenue at little cost. Capturing 
HFC-23 soon became the main objective for some refrigerant manufacturers, with 
HCFC-22 production now a sideline. Also, some hydro and afforestation projects 
would have taken place even without the CDM, so that any carbon savings for 
these projects cannot be credited to the CDM. In a market economy, the first aim 
of those selling carbon credits will be to make a profit, with climate abatement 
very much a secondary aim. 

Another factor that hinders our ability to design effective policies for mitigation 
is the conflict than can exist between air pollution reduction and mitigation [4]. 
We have already seen that aerosols exert a forcing which opposes the warming ef-
fect from GHG emissions. Sulphate aerosols arise from coal and oil combustion, 
and are a leading component of air pollution, particularly in Asian cities. Sulphate 
aerosols have a residence time in the atmosphere measured in weeks, far shorter 
than that for CO2, one of the main combustion products. In the OECD countries, 
sulphate emissions have fallen greatly, but are still high in Asia. As Asian coun-
tries act to reduce air pollution, this partial restraint on global warming will be 
rapidly removed, resulting in enhanced global warming [38]. 

Given our lack of understanding of how the climate system will respond as we 
increase the forcing from GHGs, the best policies will be those that reduce GHGs 
to near past levels. At present, CO2 levels are higher than they have been for per-
haps one million years. So alternative energy sources, energy efficiency and car-
bon sequestration are in principle to be preferred over geoengineering, which 
rather than reducing emissions attempts to reduce some of their unwanted conse-
quences. But as we showed in Chapter 3, climate change is not our only challenge. 
Continued heavy reliance on depleting fossil fuels and minerals will exacerbate 
competition between nations for dwindling reserves, with oil being of most imme-
diate concern.  

What we must recognise is that there is a basic asymmetry between the risks 
from continued global economic growth, and those from alternative policies which 
focus solely on the environmentally sustainable satisfaction of basic human needs, 
as developed in more detail in Chapter 10. If we continue down the economic 
growth path, we run the risk of crossing one or more of several environmental and 
climate change thresholds – we may already have crossed several (see Chapter 3) 
– which would soon make the pursuit of further global economic growth problem-
atic anyhow.  
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Chapter 5  
Renewable Energy: Too Little, Too Late? 

5.1 Introduction 

Many researchers have seen the various forms of renewable energy (RE) as the 
answer to the several problems facing Earth’s sustainability, as outlined in Chap-
ter 3. Specifically, RE is often regarded as having the potential to supply all the 
world’s energy needs, even if consumption rises to several times its present value 
of about 500 EJ. Johansson and colleagues [37], for example, gave a total techni-
cal potential for all RE sources as greater than 7,500 EJ, with 5,000 EJ for geo-
thermal alone. For the technical energy potential of all biomass uses, a study by 
Hoogwijk and colleagues [33] gave potentials as high as 1,174 EJ. The technical 
potential for an RE source is the energy flux that can be theoretically obtained in 
all locations not excluded by incompatible land uses, minus the losses in conver-
sion to a useable output such as electricity [19]. 

A more detailed study by de Vries and others [19] looked only at electricity 
production in the year 2050, and examined the potential for solar, wind, and bio-
mass energy only. Even though the study totally excluded a number of land cate-
gories for energy production from each of these sources (e.g. forests, nature reser-
vations and urban areas), the combined technical potential was still very high: 
over 15,000 EJ, mainly from solar. With potentials as high as these estimates, fos-
sil fuel depletion would not be a problem. 

RE is also regarded as a means for avoiding the serious adverse environmental 
effects from fossil fuel combustion – air pollution, particularly in urban areas, and 
global climate change from CO2 emissions. Indeed, RE is often popularly seen as 
the reverse of fossil fuels: it is available in unlimited supply, and has no negative 
environmental impacts. In this chapter we will argue that much of the good press 
RE gets is because of its very limited use compared with total energy consump-
tion, as shown in Table 5.1. Where its use is already extensive, as with hydro-
power, the environmental problems are already evident. 



80 5 Renewable Energy: Too Little, Too Late? 

This chapter makes three main points: first, the most developed and cheapest 
forms of RE are of limited potential; second, large-scale RE is not without its own 
serious environmental problems; third, partly as a result of the first two points, RE 
will take many decades to provide the quantities of primary energy that a ‘busi-
ness-as-usual’ world demands. In fact it may never be able to provide this amount.  

Table 1 shows that for electricity generation, RE’s share has actually fallen 
continuously in recent decades. Even in the European Union, a region with both 
limited fossil fuel reserves and policy-makers prepared to make greater GHG cuts 
than elsewhere, a recent study showed that only 8 % of new electricity capacity 
under construction there in 2009 will use RE [2]. So while we agree with the view 
that the world will have to rely on RE if we are to live sustainably on Earth, we 
also think that RE cannot deliver anything like the 1000 EJ primary energy that 
some official international organisations project for as early as the year 2050 [47]. 
Not only will such energy levels not be available for many decades to come, but 
RE may never deliver more than a few hundred EJ. 

Table 5.1 Global RE electric output, 1970–2008 (EJ) 

RE source 1970 1980 1990 2000 2008 
Hydro 4.25 6.20 7.74 9.53 12.09 
Wind < 0.01 < 0.01 0.01 0.13 0.91 
Biomass 0.04a 0.06 0.32 0.60 1.16 
Geothermal 0.01a 0.05 0.13 0.18 0.20 
Solar  < 0.01 < 0.01 < 0.01 < 0.01 0.06 
Ocean < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
Total RE 4.30 6.31 8.20 10.44 14.42 
RE share of total 
electricity (%) 

24.50 23.70 21.60 21.30 19.10 

a estimated 

Sources: [10, 35, 36, 75] 

5.2 Biomass Energy 

It is convenient to divide biomass fuels into two categories, traditional and modern. 
Although biomass energy produces only small amounts of electricity (Table 1), its 
use for liquid fuels is growing rapidly, with both modern forms of biomass totalling 
about 4.6 EJ. The extent of traditional use of biomass in industrialising countries 
is uncertain, but a rough estimate is 45 EJ. The IEA anticipates that modern fuels 
will continue to displace traditional fuels in the coming decades [48].  

Most modern biofuel use is for liquid fuels for transport, and at present such fu-
els are based on food crops: sugar cane and grains for ethanol, and vegetable oils 
for biodiesel. It is recognised that the use of food crops for fuels cannot be ex-
panded much further. Already, ethanol production in the US uses 23.2 % of the 
corn crop, although various co-products (animal feed) are also produced [60]. In-
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creasing diversion of grain for fuels puts pressure on grain prices: a 2008 World 
Bank report estimated that growth in grain ethanol was responsible for 75 % of the 
food price surge that had recently occurred [55]. Palm oil plantations for biodiesel 
production are likewise putting pressure on tropical forests in South-East Asia. 

Controversy continues as to whether corn ethanol yields a positive return on en-
ergy invested [12], but both sides agree that the return is at best marginal. Bear in 
mind that these analyses are for US corn usually grown on prime rain-fed land, 
close to the necessary infrastructure. And Crutzen and others [15] have argued that 
the need for nitrogen fertiliser will release N2O, a potent greenhouse gas which will 
negate any marginal potential benefit corn ethanol may have on CO2 emissions.  

Any major expansion of liquid biofuels will require the development of ethanol 
from the far more abundant cellulosic materials. According to the Renewable Fuels 
Association (RFA) [60], construction has already started on a number of such pro-
jects in the US, but no commercial production has begun. It is not certain, however, 
if cellulosic ethanol will give a much better energy return on energy invested than 
grain ethanol does [24]. Since there are other possible alternatives for powering 
transport, including electric propulsion and even hydrogen-fuelled vehicles, cellu-
losic ethanol may not even be an important long term development. The real ques-
tion is: how much biomass energy of any type can the world sustain? 

The answer to this question has varied greatly. As discussed above, a figure of 
1,174 EJ has been cited, but values as high as this seem most unlikely, given that 
the total terrestrial NPP is only 1,900 EJ (Chapter 3). More recently, a Dutch study 
[73] included water and land-use availability constraints, and gave a minimum 
global estimate of only 65 EJ, with an upper limit of around 300 EJ. A US study 
put the sustainable potential of biomass even lower, at only 27 EJ; higher levels 
would either threaten food supplies or worsen global climate change [25].  

Biomass growth can be constrained in any particular area by lack of light, 
warmth, or water, with lack of water being the most common constraint [62]. In 
Chapter 3 we discussed the difficulties that over-use of groundwater is already 
creating for agriculture in several regions of the world. Progressively rising energy 
costs for fresh water provide an important limit on future biomass production. 
Even if fresh groundwater was available, its energy costs may be too high. In an 
earlier paper [45] we showed that no net energy results if the groundwater has to 
be lifted more than 167 metres. When the energy costs of biomass harvesting, 
transport etc are included, the break-even depth would be much smaller. Yet al-
ready in India, pumping depths can be as much as 1,000 metres [12]. 

The back-stop technology for biomass irrigation is seawater desalination, but 
even the most energy efficient plants using reverse osmosis technology require an 
electric power input of over 20 MJ/m3. Eventually this might be reduced to about 
7 MJ/m3, or about 22 MJ/m3 of primary energy if powered by our current fuel mix. 
This energy is only for the desalination process, with no allowance for equipment 
manufacture or maintenance, or for safe disposal of the brine concentrate [45]. 
Now consider the energy costs of producing one tonne of dry woody biomass, 
which has a lower heating value of about 18 GJ/tonne (with even lower values for 
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grasses). If this tonne needs 500 tonne of transpiration water, 1,000 m3 of water will 
need to be applied, if at 50 % efficiency. The input primary energy costs for desali-
nation alone will then be 22 GJ per tonne, greater than the output energy of the re-
sulting biofuel.  

Much excitement has been generated by jatropha, a hardy weed which flour-
ishes in dry areas, and produces seeds that are a ready source of biodiesel. It was 
hailed as a means of utilising marginal lands unsuited for food production. Jatro-
pha plantations, 7,210 km2 in extent in 2008, were predicted by the industry to ex-
pand to 21 million km2 by 2114. But while jatropha can grow on arid lands, the 
yields are low [64]. Further, Gerbens-Leenes and others [26] have shown in a re-
cent analysis that the water requirement for jatropha was very high per unit of out-
put fuel, several times that for ethanol from sugar cane, for example. 

Another biomass energy source for which great hopes are held is algae [14, 44]. 
With the more conventional production method of harvesting algae grown in shal-
low ponds, some have claimed that annual yields of 358 tonnes of algae (on an 
ash-free dry weight basis) can be extracted from each hectare harvested. This yield 
is some 37 times higher than US corn yields. David Walker [74] has argued that 
this figure even exceeds the maximum rate of biomass accumulation possible from 
plants. His conclusion: ‘There is in fact no credible evidence to support the con-
tention that algae produce much more biomass per unit area per unit time than any 
other green organism.’  

Another approach for obtaining fuels from algae is to move production away 
from ponds altogether. Oil major ExxonMobil in 2009 announced plans to invest 
up to $600 million over 5 to 6 years to produce biofuels from algae. The research 
aims to both re-engineer algae strains to directly produce hydrocarbons, then find 
ways of continuously producing these in bio-reactors rather than by harvesting al-
gae grown in shallow ponds [68]. The big challenge is to scale up the closed labo-
ratory bioreactors to the size needed for commercial production. The costs of these 
can be very high [42]. In addition, many have argued that use of genetically re-
engineered organisms entails too much of a risk (e.g., [31]).  

The effort being put into finding alternatives for the transport sector, as detailed 
in the examples above, occurs because vehicles are more easily operated on liquid 
fuels than gases with their lower volume specific energy density. This is particu-
larly true for aviation, where few alternatives, if any, exist for liquid fuels; on 
board hydrogen storage would severely limit passenger space. Large-scale produc-
tion of liquid fuels for aviation and other specialist sectors (heavy transport, ship-
ping and mining), might ultimately require production of fuels that are effectively 
energy-negative. Since energy is conserved, the energy spent in producing these 
fuels would have to be subsidised from other energy-producing sectors.  

Evaluating biomass energy for its climate change mitigation potential involves 
more than calculating CO2 emissions, or even emissions of the other GHGs as well, 
from inputs. Replacing natural forest by biomass plantations (or farmland) would 
tend to lower soil carbon, but conversely, plantations on degraded lands could in-
crease it. Either way, the change has to be factored in for a full assessment. What an-
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thropogenic warming is effectively doing is lowering the albedo of the Earth. Bio-
mass energy plantations could also change the local albedo and climate. In the trop-
ics, energy plantations could increase albedo, promoting local cooling. But energy 
plantations at high latitudes will tend to decrease it, because highly reflective snow 
will be partly replaced by more absorptive vegetation. This decrease will partly off-
set the benefits of using a carbon neutral energy source [25, 50]. 

5.3 Hydropower 

Hydropower is by far the largest source of renewable electricity, and the third larg-
est after coal and gas. At good locations it provides electricity at competitive 
prices, and can be used for load following, because it can be quickly brought on-
line. However, in both the OECD and the former Soviet Union, hydro production is 
falling, with 2008 output back at the levels of the mid-1990s [10]. By 2030, the 
EIA projects that global hydropower production will be 17.2 EJ, a rise of 42 % on 
2008 levels [36]. Hydro will at best make no more than a minor contribution to fu-
ture global energy needs. 

Total hydro technical potential is thought to be about 50 EJ/year, about one 
third of the total resource base give in Table 3.1. The economically feasible poten-
tial is even smaller, at around 30 EJ [28]. Even this modest figure makes no allow-
ances for any exclusions on environmental or other grounds. And because hydro 
power is a well-established and widespread source of power, we now know a lot 
more about its environmental and social problems than we do for other, newer, RE 
sources [1]. The environmental effects of hydro can thus provide an important 
case study for RE sources in general.  

Large hydro dams have been responsible for the displacement of between 40 
and 80 million people, nearly all in the industrialising countries, over the past half 
century [82]. The damming of rivers has also led to the decline of fisheries, and to 
the deterioration of freshwater eco-systems [70].  

Another problem is that the impounding of huge quantities of water (50 km3 or 
larger) behind the walls of large dams can result in earthquakes. Kerr and Stone 
[38] reported that the filling of the Zipingpu hydro dam in Sichuan Province, 
China, in 2008 may have triggered the devastating earthquake there. The 1967 fill-
ing of a reservoir in India was held to be the cause of an earthquake with 200 fa-
talities. Hydro dams can in turn be damaged or even destroyed by earthquakes 
triggered by other causes. The 2008 Sichuan earthquake led to the weakening of 
hundreds of dams, including some large hydro dams [56]. It can be risky building 
dams in earthquake-prone areas, or in mountainous regions where slope stability is 
likely to be a problem.  

Hydroelectricity may also have an impact on global climate change. Most of the 
hydro to be developed will be in tropical regions, often in forested areas. When 
flooded, the decaying vegetation produces either CO2, or, if the decay is anaerobic, 
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methane, a potent greenhouse gas. The global warming that can be attributed to 
such hydro schemes is controversial [46], if only because such an assessment 
would need measurement of baseline GHG releases before construction. Neverthe-
less, it seems that at least in the first few years after reservoir filling, CO2-e releases 
can even exceed those of a gas-fired plant of the same power output. 

The output of existing hydro plants, and the likely output and thus economic 
feasibility of future hydro schemes will in turn be affected by on-going climate 
change. Progressive climate change can be expected to alter precipitation patterns 
in several ways. Total precipitation will be altered, increasing in some regions, de-
creasing in others. Changes in precipitation can have disproportionate effects on 
river flows and hydro production [39]. In cooler regions, the proportion of total 
precipitation falling as snow can be expected to decrease, leading to more tempo-
rally skewed river flows. Extreme rainfall events are expected to generally in-
crease, which will increase rates of soil erosion and thus dam sedimentation. Soil 
erosion is disproportionately caused by high-intensity rainfall [59, 72]. Higher 
temperatures, expected in nearly all regions, will increase surface evaporation 
from reservoirs. 

All these projected changes, and the uncertainty surrounding future projections 
of precipitation levels and types, will greatly affect the planning for future 
schemes. The financial risk for the large capital investments needed for major pro-
jects will rise, jeopardising their construction, as we saw in Chapter 4. The 
changes could also lower the output from existing hydro plants. Already, the sea-
sonal variations in hydro output are leading African hydro to being sometimes re-
garded as more of an intermittent energy source than a steady one. 

5.4 Geothermal Energy 

Geothermal energy is not a new technology. Geothermal heat has been utilised for 
millennia, and electricity production from geothermal steam since the first plant 
was constructed in Larderello, Italy, in 1911. The next power plant was not devel-
oped until almost a half-century later, in 1958 in New Zealand [76]. An advantage 
of such electricity plants is that they can run continuously, so long as the steam 
supply can be maintained. Although the geothermal energy flows will continue for 
hundreds of millions of years before they become exhausted, the way this energy 
source is tapped makes it more like a non-renewable source.  

In one form or another, geothermal energy is now used in over 70 countries, al-
though power is generated in only 24 of them [83]. But, as is clear from Table 5.1, 
geothermal electricity generation is growing very slowly when compared with 
wind and solar energy. In the leading geothermal power producer, the US, and 
also in other major producing countries in the OECD, Japan, Italy, and New Zea-
land, the actual running capacity in 2007 was much less than the installed capacity 
in 2000 [8]. Consistent with this slow growth, a 2007 IEA assessment [35] pro-
jected global installed capacity as no larger than 85 GW in the mid-2030s. With 
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the estimated 2008 capacity factor of 63 % (capacity factor is the ratio of actual 
output to installed capacity) [75], electricity output would then be 1.7 EJ. A more 
recent EIA report [36] forecast an even lower value, at only 0.4 EJ electric output 
by 2030, just double its present value.  

The explanation for these low figures probably lies in the small potential for 
further expansion of conventional geothermal power, particularly in the OECD 
countries. Global annual potential for electricity has been estimated to be as low as 
3.9 EJ [47], which fits in with the low IEA forecasts for 2030. Clearly, conven-
tional geothermal power generation cannot be expected to contribute significantly 
to future global energy production. 

In response to this lack of potential, interest has increased in Enhanced Geo-
thermal Systems (EGS), also known as ‘hot dry rock’ systems. The temperature 
estimated for the base of the continental crust varies from 200 ºC to 1,000 ºC, and 
for the outer core of the Earth, at several thousand km depth, the estimate is 
roughly 4,000 ºC [83]. The temperature thus increases with depth, so that a one km 
layer of the Earth between nine and ten km depth has a much greater heat content 
than the surface one km layer. If, say, the total heat content of the top ten km of 
the Earth is considered, the global resource base is huge, estimated to be millions 
of EJ for the US alone, according to a 2006 MIT report [43].  

EGS would exploit this temperature gradient by first locating a suitable hot rock 
source, then drilling two boreholes, one to send cold water down under pressure to 
open up fissures in the heated rock, and the other to collect the hot water for pump-
ing to the surface. Over-pressures in the inlet pipe increase both the risk of micro-
seismicity, and also of losing the inlet water through unwanted fissures. On the 
other hand, if the input water flow rate is too low, the power output, which depends 
on both the water flow rate in the return pipe and its temperature, will be too low.  

The important questions are the energy return on EGS, and the cost of the elec-
tricity produced. Both will increase with borehole depth, and, based on experience 
with oil and gas well drilling costs, probably in a non-linear manner [43]. For the 
US, all source rocks at or above 200 ºC were found at depths greater than four km, 
so both money and input energy costs are likely to be very high. Interestingly, the 
lengthy MIT report did not give any analysis of the energy costs of this possible 
energy source.  

As will be discussed in Chapter 7, a decreasing difference between the peak 
temperature of a thermal power station and the surrounding environmental tem-
perature means a decreasing thermal efficiency. It also means more power gener-
ating hardware for the same power output relative to that needed in higher tem-
perature gas or coal fired power stations. 

Prospects are better for geothermal heat, as temperatures below the 150–200 ºC 
needed for conventional geothermal electricity are more common in geothermal 
areas. Geothermal direct heat use in 2004 was estimated by the WEC as about 
0.27 EJ, and its global potential as far greater than for electricity production [83]. 
But even low temperature geothermal resources are not uniform near the Earth’s 
surface, and it is not feasible – for both net energy and economic reasons – to 
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transport low temperature heat further than about eight km. Some areas – particu-
larly in the tropics – will have more geothermal heat than they can use, but no 
means of sending it to areas that could use the surplus. Even in the US, no more 
than 2.5 % of the total population could have access to geothermal heat at tem-
peratures in excess of 50 ºC [49]. 

Geothermal energy production faces a variety of environmental and other prob-
lems. Mention has already been made of micro-seismicity, which can be caused by 
both EGS and conventional production. Underground fluid extraction can also 
cause land subsidence. The fluids extracted by geothermal systems contain CO2, 
CH4, ammonia and hydrogen sulphide, as well as dissolved compounds of mercury 
and arsenic. The releases of CO2 and CH4 contribute to global climate change; an 
Icelandic study found that such releases could be up to half that of a coal-fired plant 
of equal electricity output. Fortunately, average releases are much lower at around 
10–15 %. For EGS, water supply could be a constraint in some areas. The noxious 
chemicals released are pollutants, but in each case these releases must be compared 
with the releases that would occur even without geothermal field development. In 
principle, all these harmful releases could be re-injected [76].  

5.5 Wind Energy 

Wind energy in one form or another has been utilised for several thousand years, 
and was widely used for generating electricity in rural US in the early 20th cen-
tury. However, recent interest dates back only to the early 1980s in California 
[81]. These early turbines had power outputs in the tens of kW, but today’s power 
output can be as high as 5–6 MW per turbine, although in 2008, most new turbines 
installed in the leading wind countries, US and Germany, were in the 1.5–2.0 MW 
range [75]. Higher hub heights enable capture of higher-speed winds, important 
since turbine power output varies as the cube of wind speed. They also allow lar-
ger blade diameters, which increase efficiency. The larger turbines are favoured 
for off-shore installations, but transporting these to site and erecting them there 
will place limits on further single turbine power output growth. 

Wind energy is today used in around 80 countries worldwide, and output is still 
growing rapidly, with installed capacity at the end of 2008 being 122.2 GW [75]. 
Nevertheless, in 2008 it still only provided 0. 91 EJ, less than 0.2 % of global pri-
mary energy use. Although global growth is still strong, in the European Union 
(EU) countries – formerly leaders in wind implementation – growth has slowed in 
recent years, with only 13.9 % growth in installed capacity in 2008, compared 
with 33.8 % growth in the rest of the world [75]. Denmark, the country with the 
highest wind penetration, has experienced almost no growth since 2003. Growth is 
strong in China, and also in the US, which has now regained its former position as 
the world’s leading wind energy nation. 
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The Global Wind Energy Council (GWEC) [27] reported that global wind elec-
tricity could grow to 3.1 EJ by 2030, and to 6.4 EJ by 2050 in their reference sce-
nario. Their most optimistic scenario (‘advanced’) envisaged 9.5 EJ in 2020 and 
32.7 EJ in 2050. The latter figures would require an annual 22 % growth rate to 
continue until 2010, then falling thereafter, with 5.0 % annual growth at 2030, 
eventually stabilising later at 1.0 %. Mainly because of anticipated increasing hub 
heights, capacity factors are assumed to rise from 25 % in 2007 to 30 % in all sce-
narios, but such growth may be difficult to achieve as less suitable locations are 
utilised. Even by 2050, wind represents only 5.8 % of all electricity generation in 
the reference case, and 29.5 % in the optimistic advanced case. The upper value of 
32.7 EJ for 2050 is somewhat larger than the European Commission (EC) report 
highest figure of 26.5 EJ by the year 2050 [22].  

In Chapter 3, we saw that the total wind energy resource, including jet stream 
winds, was around 115,000 EJ, with perhaps 30,000 EJ available over land. But 
how much of this resource can we usefully tap? What is its technical potential? In 
a recent paper we examined these questions. We calculated the wind energy po-
tential from placing a 2 MW turbine on each km2 of the Earth’s land surface, re-
gardless of average wind velocities. (Clearly, the energy ratio for turbines located 
at inferior wind sites will be low, and often between 0 and 1.0, giving no net en-
ergy.) Details regarding the turbines, the energy costs for manufacture and con-
struction etc, and the land categories excluded, are given in our paper [32].  

The results are shown in Figure 5.1, for both wind potential free of any land use 
constraints, and for the constraints proposed by de Vries and colleagues [19, 34]. 
The curves plot gross global wind energy output against energy ratio. Also shown 
is the 2008 global electricity consumption line. It is evident that limiting the cut-
off energy ratio (to say, 5), or applying land use constraints both have an enor-
mous effect on wind potential. With an energy ratio of 5, the constrained case 
gives a global wind output little greater than current electricity consumption. Evi-
dently, wind energy cannot be a major future energy source unless the environ-
mental constraints are relaxed.  

In assessing the technical potential for wind energy, keep in mind that turbines 
cannot be operated at times when winds are lower or higher than certain design 
speeds. Thus although there is wind available, the turbine cannot make use of it, 
and so the energy at these times must be excluded from any estimation of the 
available resource base. We might also exclude regions of high economic, envi-
ronmental or social value. (Similar exclusions should be applied when assessing 
the technical potential of other renewable energy sources, including hydro.) 

These values should be compared with a recent estimate by Lu and others [40], 
who found that the global potential for wind energy was around five times current 
world energy consumption. However, Aoki [4] has disputed this figure, claiming 
their estimate was over 50 times too high. His correction would put total global 
wind energy before land-use constraints closer to our value. 

Wind turbine output in 2008 was less than one EJ globally, but turbines are to-
day already counted in the tens of thousands. To achieve the current gross global 
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electricity production would require turbines numbering in the millions, and need 
an average annual installation every year to 2050 of possibly five to ten times the 
number of turbines currently installed – and by then electricity consumption could 
well have doubled. Already, many local residents oppose wind farms in their lo-
cality, although farmers usually support them because of the income they gain 
from leasing land for the turbines and their access roads. Opposition in OECD 
countries often focuses on the visual intrusion of the tall turbines, and the possible 
effects on property prices.  

 
Fig. 5.1 Global wind potential (EJ/year) available from locations with an energy ratio (electrical 
output/primary input) greater or equal to those shown  

The very uneven global distribution of wind also presents a problem, with 
countries containing around half the world’s population having less than 5 % of 
the technical potential [32]. If global production is to be as high as possible, those 
countries with a disproportionate share of the wind (like the US, Russia, Canada 
and Australia) will have much greater turbine numbers, so opposition could be 
much greater. The remoteness of much of the richest wind resources will also add 
to the burden, if high voltage transmission lines or energy storage systems based 
on hydrogen are needed.  
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Opponents of wind farms can also raise the adverse effects on wildlife. Birds and 
bats are the most affected, with many deaths reported annually. Bird deaths, which 
may average annually around one per turbine, need to be compared with other hu-
man-caused fatalities. Bird fatalities from collisions with buildings and vehicles, to-
gether with those killed by domestic animals and hunters, probably number 1–2 bil-
lion worldwide, compared with tens of thousands of deaths from turbines [81]. 
However, fatalities do not measure the total impact of turbines on wildlife. A study 
by two British researchers, Drewitt and Langston [20] gave the four main effects as 
‘collisions, displacement due to disturbance, barrier effects and habitat loss’. Some 
or all of these effects would presumably also affect bats and other small mammals.  

Remedies usually include more careful selection of wind farm sites, and for bats, 
even closing down the turbines at sensitive times – which, fortunately, are usually 
periods of low wind speeds [16]. But if wind energy is to be a major energy source, 
the conflicts with wildlife will get worse as sensitive areas are progressively tapped 
for energy. On the other hand, the environmental effects of wind (or any other RE 
source) will need to be weighed against the heavy environmental damage from con-
tinued use of fossil fuels – including their adverse effects on wildlife. 

As noted in Chapter 3, wind speeds in the jet streams are around 10 times faster 
than at ground level. Even at much lower heights, the wind velocities are not only 
much greater than at the Earth’s surface, but are also more dependable. For this 
reason, a number of researchers have looked at ways of harnessing this higher-
altitude energy. Several methods have been considered. One proposal is to use 
kites each with an area of perhaps 100 m2, tethered at both ends to a ground-based 
turbine. As the kites rise higher than their design altitude (which could be as high 
as one km), the tethers unwind, spinning the turbine. The kites’ aerofoils are then 
adjusted by a light-weight computer, lowering air resistance. The tethers are 
wound in to bring each kite again to its design altitude, and the cycle repeated. 
Each pair of tethers would support multiple kite aerofoils, with each 100 m2 kite 
generating 0.1 MW, more than twice the power per unit area of ground based tur-
bines. Each base unit would include not only the electric generator, but a winch 
and kite control software [11]. 

Another approach, pioneered by Sky Windpower [71], would generate the wind 
power at height, then transmit it back to Earth via an aluminium conducting core 
in the tether cable. Four rotors would be mounted on each air frame or rotorcraft, 
with the rotors providing lift and electric power – up to 40 MW. The rotorcraft 
would have to be supplied with electricity from the ground to reach their design 
height of 4.5 km, and would need to be winched back down during storms. They 
could also be shifted to new locations [5, 61].  

These high altitude devices have been tested at a small scale only. If successful, 
they would avoid the limited nature of the ground-level wind resource, and its en-
vironmental problems. But even at these high altitudes, the winds are not constant, 
and conversion and storage would still be needed [5]. Given the complexity of 
high-altitude wind energy systems, their likely high costs, and even their liability 
problems, off-shore turbines would seem preferable. 
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5.6 Solar Energy 

Despite the vast potential for solar energy, its deployment has been very small, 
even compared with other RE sources such as wind (Table 5.1). Electricity can be 
generated from solar energy in several different ways. The most popular method is 
by using photovoltaic (PV) cells, which can be single crystal, polycrystalline, or 
amorphous. Amorphous (thin-film) PV cells are cheapest, but also have low effi-
ciency in converting incident sunlight into electrical energy. PV cell arrays can be 
either grid-connected or stand-alone systems, the latter being very popular in rural 
regions of countries with low grid penetration. Solar Thermal Electricity Conver-
sion (STEC) systems, on the other hand, are only suited to grid applications. Be-
cause it is likely that solar energy will have to be the mainstay of the post-fossil 
fuel economy [49, 50], this section also looks at some very ambitious methods for 
exploiting the massive solar resource. 

Growth rates for PV cell installations have been very high in recent years, par-
ticularly in Europe, with Spain accounting for 45 % of global growth in 2008. 
However, changes in the Spanish feed-in tariff system and caps on the PV pro-
gram caused a collapse in PV sales there [75]. Nevertheless, even with the global 
economic downturn, strong growth resumed in the second half of 2009.  

A number of STEC units, based on parabolic trough technology, were built in 
California in the 1980s, and have produced power continuously since then. Only 
recently have new plants been constructed, in Nevada in the US, and near Seville 
in Spain. Their combined output is still very small – much less than 0.01 EJ. Most 
new and planned STEC units use either parabolic troughs, or a ‘power tower’. 
Both make use of concentrated Sun’s rays, focussed on either the axis of a para-
bolic trough, or on an elevated central receiving station [75].  

STEC plants offer several advantages over PV systems for grid-connected 
power. One is their ability to store excess heat in molten salts during periods of 
high insolation and so to continue generating power after sundown. They could 
also use natural gas as a backup source of heat. This advantage would become pro-
gressively more useful as solar electricity increases its share of electricity. STEC is 
also much cheaper than PV for grid power [69]. However like all concentrating 
systems which track the sun, STEC requires direct sunlight and thus clear skies, 
which could restrict their deployment to arid regions. Unless PV systems also con-
centrate sunlight (and some schemes do), they avoid this limitation. Further, if 
geoengineering measures such as placing aerosols in the lower stratosphere were 
used to increase the Earth’s albedo (see Chapter 9), the resultant increased scatter-
ing of insolation would significantly reduce STEC plant output [52]. 

Insolation is more predictable than wind speeds, but of course is never avail-
able after sundown. The low insolation during winter months is a disadvantage for 
all solar energy systems, particularly for the high latitude countries of Northern 
Europe, such as Germany. Even at latitudes 35º N, such as Albuquerque in New 
Mexico, or 35º S, for example Adelaide in Australia, winter insolation is typically 
only half that of the summer months. The output of solar devices would be drasti-
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cally reduced, and for even higher latitudes, could be effectively zero for months 
on end. Molten salts would be ineffective for energy storage over such extended 
periods.  

For some years, researchers from Europe have examined the possibility of gen-
erating electricity at giant solar farms – either PV or STEC – and transmitting the 
power to Europe. High-voltage DC power lines, up to 5,000 km in length, would be 
used, with power losses estimated at 4 % per 1,000 km [18]. Now a consortium of 
20 major German companies is planning to provide 400 billion Euros for a project, 
called Desertec, to build STEC plants in the North African desert [57]. The aim of 
the project is to supply 15 % of Europe’s electricity demand by 2050. It is antici-
pated that the direct current cables would keep total transmission losses to 10 %.  

Desertec would be part of a grand plan to link North African STEC plants from 
Morocco to Egypt with Europe by 20 transmission cables across the Mediterra-
nean at various locations. It would form part of a European ‘supergrid’ which 
would integrate other RE electricity, from wind in Northern Europe, hydro in 
Scandinavia, and biofuels from East Europe. The consortium has decided in fa-
vour of STEC over PV farms, as they are usually much cheaper for a given output 
[57]. But water supply could be expensive, as the STEC farms would need to be 
inland to avoid the cloudiness of the coastal regions. Much of both the Mediterra-
nean and Atlantic coastlines of North Africa has direct sunshine levels that are too 
low for plant viability. Both types of solar farm would need fresh water for clean-
ing PV cells or mirrors, but STEC plants might also need water for cooling. Air 
cooling is an option, but lowers plant efficiency, and so output. 

The cost and scale of the project seem disproportionately large for the benefits 
– only 15 % of Europe’s projected 2050 electricity needs. Similarly, the time 
frame is wrong; we will need more than a minor dent in fossil fuel use by 2050, 
for both climate and fossil fuel depletion reasons. Even this megaproject, if it ever 
takes off, will be ‘too little too late’. Further, if such STEC farms were to eventu-
ally supply the bulk of Europe’s energy needs, storage would still be needed for 
the winter months, when demand is highest but power output is lowest. Alterna-
tively, meeting winter energy needs would require excessive investment in North 
African solar farm capacity. 

Accordingly, even more ambitious schemes have been proposed. One envis-
aged a network of seven large solar energy farms placed in the desert areas of both 
hemispheres, and at different longitudes [67]. Such placement of solar farms 
would even out both diurnal and seasonal variations in insolation. They would be 
linked to the world’s load centres by a combination of high-voltage transmission 
lines and undersea cables. Seboldt [67] envisaged the network supplying the world 
in 2020 with 2.63 TW (82.9 EJ/year, compared with 2008 global electricity pro-
duction of 72.7 EJ/year) of continuous electric power. Most (63 %) of the massive 
estimated cost was for transmission lines and cables. There is little chance of this 
costly scheme being implemented by 2020 – or even afterwards.  

This interlinked solar electricity network would still be ground-based, but 
space-based systems are also possible. Satellite Power Systems (SPS) were first 
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proposed in 1968, but have undergone a modest revival in recent years [30, 41, 65, 
67]. Such systems could potentially supply continuous solar power to all Earth lo-
cations from suitably positioned satellites, with none of the present disadvantages 
high-latitude countries presently suffer. It would also allow participating countries 
to be self-sufficient in energy supply, and free them from imported solar electric-
ity. Potentially, all the sun’s output, not just that intercepted by the country con-
cerned, or even by the entire Earth, would be available.  

Densely populated Japan is in the forefront of the SPS revival, and researchers 
there are hoping to launch a one-GW system by 2030 [17]. The project is regarded 
as technically feasible, but the costs for such a system are presently 100 times the 
target cost of US$ 11 billion. The proposed system would consist of a 2-km wide 
array of PV cells, together with one billion antennas, each 5–10 cm across, to 
transmit the collected power to Earth. Among the obstacles to be overcome, the 
cost of rocket launches needs to be reduced 100-fold, and the efficiency of micro-
wave transmission improved from the current 40 % to 75 %. California is also 
proposing to use SPS soon, with the California Public Utilities Commission giving 
approval for a utility to buy 200 MW of SPS power by 2016 [3]. 

However, SPS has enormous problems to overcome. Ruppe [63] pointed out 
that generating PV electricity in space, and transmitting it to Earth involves four 
processes: converting insolation to electricity, converting electricity to microwave 
energy, transmitting the microwave energy to an Earth receiving station, and re-
conversion to electrical energy. Each of these stages will be costly, and will in-
volve heavy energy losses. There are great uncertainties about the useful lifetimes 
of the solar satellites in space (they would need to last for many times longer than 
communications satellites), as well as about their reliability and maintenance. 
Ruppe accordingly estimated the final electricity costs as US$ 1–20 per kWh, as 
much as two orders of magnitude higher than present prices, which accords with 
the estimated reductions needed for the Japanese SPS. Even an SPS supporter like 
Mankins [41] has pointed out that hundreds of billions of US dollars would need 
to be spent before the first kW of electric power was delivered to power grids. 

As Chapter 3 showed, solar energy, even if restricted to that intercepted by 
Earth, is by several orders of magnitude the largest RE source, and given the mi-
nor contributions possible from other RE sources, must be the main RE source in 
the future. But a host of only vaguely foreseen difficulties could occur as solar en-
ergy is scaled up by the 3–4 orders of magnitude needed for it to become the ma-
jor energy source of the future. The following list summarises these possible prob-
lems, which will most probably delay, perhaps for many decades, solar energy 
becoming the dominant future energy source: 
• Many proposals for new solar technologies call for rare materials, which alone 

could limit extensive commercialisation, as discussed in Chapter 3. 
• Locating vast solar farms in the world’s hot deserts could prove problematic, 

for several reasons. The desert environment could limit the output or effective 
life of PV cell or STEC arrays in several ways. Performance efficiency of PV 
cells deteriorates significantly at very high ambient temperatures [23]. Desert 
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regions, especially the Sahara, are the source of huge quantities of wind-blown 
dust. This dust-laden winds could abrade PV and STEC surfaces. At the least, 
regular cleaning with fresh water would be needed to maintain design output. 
Sourcing fresh water would add to costs and lower net energy output [49]. 

• Even hot desert locations do not avoid the need for energy storage, since the 
deserts are located beyond the equatorial areas, and so still have significant 
variations in seasonal insolation. Further, the solar farms would inevitably be 
very distant from energy markets (up to 5,000 km for a Sahara desert to central 
Europe link), necessitating expensive transmission systems. 
In previous research [48, 50] we showed that solar energy, whether from PV 

cells or STEC, will need fundamental technology breakthroughs if unit costs are to 
be reduced to anywhere near existing levels for electricity: In 2005 the global so-
lar electricity market was more than US$ 10 billion, but the solar electrical energy 
output was only 0.01 EJ. ‘Supplying all the roughly 500 EJ primary energy used 
globally each year with solar energy would thus cost $US 500 trillion, an order of 
magnitude larger than the 2006 world Gross National Income’ [48].  

A similar calculation can be done for wind energy. In 2008, global wind energy 
expenditures were 40 billion Euros [84], and wind energy output totalled 0.91 EJ 
(Table 5.1). Providing 500 EJ would thus cost around US$ 32 trillion, still very 
high, but a more than 15-fold reduction on the above solar costs. Given these ex-
tremely high monetary costs for solar energy, it is probable that total input energy 
costs are also far higher than usually calculated, resulting in little or no net energy 
produced. Unless both energy and monetary costs of solar energy are heavily re-
duced, it cannot be a major future energy source. 

5.7 Ocean Energy 

Energy can be obtained from the ocean in three different ways:  
• tidal energy (which can be either captured by barrages built across bays, or by 

turbines placed in tidal currents); 
• wave energy capture devices; and 
• ocean thermal energy conversion (OTEC) systems.  

Present use of ocean energy is negligible, with nearly all coming from the tidal 
energy barrage operating since 1966 on the Rance estuary in France, which gener-
ates 0.003 EJ of electricity annually. Tidal energy has been used for millennia – 
tidal mills operated on the Tiber River in the days of the Roman Empire. Today, 
tidal barrages are increasingly regarded as having unacceptable environmental ef-
fects, at least in OECD countries. Aero-derivative turbines have been installed in 
the Hudson River in New York, but their output is tiny. No new large tidal energy 
schemes are under development. The total annual potential for tidal energy elec-
tricity of both types is given as only around two EJ, and so cannot be of more than 
local importance [49]. 
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Small wave generators of various designs have operated intermittently over the 
past century, and wave power patents extend back two centuries. Recently, large 
scale prototypes have been tested [13, 66], but there is still no consensus as to 
which of the many competing designs is optimal in a given location. The global 
potential for wave power has been estimated as high as 10 TW, and as low as 
0.2 TW or less [13]. The latter figure is less than twice wind’s present installed 
generating capacity. Like the ocean winds which drive the waves, wave energy is 
an intermittent power source.  

The main challenge facing commercialisation of wave energy is the harsh envi-
ronment in which the turbines operate. At shallow sea depths, the waves tend to 
dissipate. The optimal sea depth is often 40–100 metres, since both the period of 
oscillation and the wave amplitude will be high. Energy per unit length of wave 
varies directly with oscillation period, but as the square of the wave amplitude 
[66]. At greater sea depths, difficulties and costs of securely anchoring the de-
vices, and transmitting the power ashore, both multiply.  

The world’s first wave power farm was installed off the coast of Portugal in 
2008. It used three Pelamis P-750 wave attenuators with a total power output of 
2.25 MW. Each attenuator consisted of a string of four 30 metre long cylinders 
connected to each other by universal joints. The rotation of these joints as waves 
passed along their length produced power. However in 2009 the project was sus-
pended and the attenuators removed from the water. Other small wave farms of 
1-2 MW are being developed off the Spanish and US coasts. Several projects off 
the UK coast are also planned [66, 79]. 

OTEC devices seek to generate electricity by exploiting the temperature differ-
ence between the surface layer of tropical oceans and the cold currents returning at 
depth from the polar regions, as part of the oceanic thermo-haline circulation. 
Tropical ocean surface temperatures can be at 20–25 ºC, while at 1,000 metres depth 
the temperature is around 4 ºC. As we discuss further in Chapter 7, with such small 
temperature differences, the thermal efficiency of this system will be very low – 
about 3 % [53]. Small shore-based OTEC devices have operated intermittently, for 
example in Hawaii. These devices could potentially generate power on a continuous 
basis, and further, could jointly produce desalinated water. No large OTEC plants 
are currently under development. 

The net energy return for OTEC devices, already problematical [51], would be 
greatly lowered if they were required to generate, for example, tens of EJ. Most 
OTEC output would then need to come from large ship-mounted plants moving 
over the tropical oceans; such movement is necessary to maintain the surface- deep 
ocean temperature difference. Sending electricity ashore via a cable would be im-
practical, so the electric power generated would be used to produce hydrogen or 
some other energy carrier, which could be stored and periodically shipped to shore. 
Conversion and storage would further lower net energy, and increase costs of de-
livered energy. Further barriers to OTEC development are corrosion of the equip-
ment and microbial fouling of the warm surface water heat exchanger [77]. 

The global estimated potential for OTEC ranges as high as 4,730 EJ annually, 
an order of magnitude higher than present energy use. But extraction at this level 
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runs the risk of changing the thermal structure of the oceans, with potentially seri-
ous consequences for climate. Such changes would in turn also act to lower OTEC 
potential and plant efficiency [53, 54]. But such calculations are probably beside 
the point, since the vast amounts of water that need to be pumped from the depths 
would have serious effects on ocean ecosystems [1].  

5.8 Comparison of RE Sources 

RE sources can be divided into two groups: those that are continuously available, 
and those that are only intermittently available. Figure 5.2 shows schematically 
how the important intermittent energy sources, solar and wind, might be converted 
into a continuously available energy supply. Some of the intermittently generated 
electricity would be fed into the transmission network. The rest would be used to 
electrolyse water for conversion to hydrogen as an energy carrier. The hydrogen 
could then be used directly for transport fuels or to replace natural gas for domes-
tic and industrial uses.  

 

Figure 5.2 Schematic diagram of an intermittent renewable energy supply system coupled to a 
hydrogen storage network 
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Table 5.2 Comparison of various RE sources 

RE type Mature  
technology? 

Advantages Disadvantages 

Hydro Yes Useful for peak load power needs, 
as can be rapidly brought on line. 

Limited potential. Environ-
mental and population dis-
placement concerns.  

Biomass –  
electricity 

Yes For wastes, feedstock can be low 
cost. Can be co-fired with fossil  
fuels. 

Limited potential. Can conflict 
with rising demands for food 
and forestry production. 

Biomass – 
thermal 

Yes For wastes, feedstock can be low 
cost. CHP plants can have high  
overall efficiency. 

Limited potential. Can conflict 
with rising demands for food 
and forestry production. 

Geothermal – 
conventional 

Yes For dry steam plants, costs can be 
low. 

Very limited electrical poten-
tial. Some environmental con-
cerns. 

Geothermal – 
EGS 

No Large and widespread resources, 
especially at greater depths. 

Energy return on energy falls, 
and costs rise, with increasing 
depth. 

Tidal Yes Low environmental impact for 
tidal current turbines. 

Very limited potential. Inter-
mittent, but at predictable 
times. 

Wave No Resource availability widespread. Intermittent. Storm damage a 
potential problem. 

Wind – land 
or sea surface

Yes Good energy return on energy.  
Can coexist with other land uses. 
Can be placed off-shore with little 
waterway disturbance. 

Intermittent, requiring storage 
at higher penetration. Al-
though capacity factor in-
creases, off-shore is more ex-
pensive. 

Wind – high 
altitude 

No More reliable power than for  
surface winds. Devices can be 
moved. 

Very high costs.  

Solar – PV Yesa 
 

Very useful for off-grid  
electricity. PV cells can be inte-
grated into roofing tiles. 

Much higher cost than STEC. 
Intermittent (but more predict-
able than wind). Winter output 
low in middle/high latitudes. 

Solar – STEC Yes Thermal energy storage possible. 
Can use natural gas as a back-up. 

Cloudless conditions needed. 
Winter output low in middle/ 
high latitudes. 

Solar – SPS No Would solve intermittency prob-
lem. 

Very high costs. Microwave 
radiation hazard. 

Solar – pas-
sive 

Yes Low cost. Proven techniques for 
space and water heating, cooling, 
lighting. 

Cannot be used for electricity 
generation. 

OTEC No Continuous power for coast-based 
systems. Can co-produce distilled 
water. 

Very high costs. Low energy 
return on energy. Environ-
mental concerns if output high. 

a but new PV cells are under development   
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Surplus hydrogen could be compressed and stored in underground caverns, in a 
manner similar to compressed air energy storage, and used to generate electricity 
when required. The costs of such a system would be high, and the energy conver-
sion and transmission losses could be up to half the input solar and wind electric-
ity [32]. 

Table 5.2 gives a summary comparison of the various RE sources discussed in 
this chapter. Continuously available RE sources include biomass and geothermal 
energy, as well as (most) hydro. Direct solar and wind energy are the most impor-
tant intermittent sources, although wave and tidal energy also fit in this category. 
Even some hydro plants, and OTEC plants on a large scale, may need to be in-
cluded in this category. We have argued that the continuously available RE 
sources, which are of most use to us, will only be available in limited supply, 
compared with present primary energy use.  

5.9 Renewable Energy in the Future 

How do we choose between the many types of RE that are already available? De-
cisions on energy production are made at the national or even sub-national level. 
The RE energy source must first be available – the Netherlands generate no hydro, 
whereas Brazil is a large producer. Overall, the OECD will develop little more 
hydro both because it is already almost fully exploited, and because of citizen op-
position to new projects. But resource availability or quality does not fully explain 
the development of the various RE sources. Germany has a much greater output of 
wind energy than the UK, despite having winds of lower average speeds. Germany 
is also a leader in PV cell electricity production, even though the country lies be-
tween 47º and 55º north. The importance of the Greens Party in German politics is 
a key factor in RE deployment.  

Furthermore, all countries favour local energy production, which explains 
much of the subsidies found for all energy sources [9]. Although countries import 
large quantities of oil and gas from overseas (in 2008, 67 % of global oil produc-
tion crossed international boundaries [10]), such is not the case for electricity. In 
2007, only 1.3 % of global electricity production was exported [36]. Even so, most 
of this was reciprocal exports and imports by neighbouring countries like Canada 
and the US. The energy and monetary payback for solar farms located in North 
Africa may be better than those in Germany, but Germany or other countries may 
not be prepared to be reliant for electricity on countries thousands of kilometres 
away. 

Since the potential for baseload RE is limited, most future energy will need to 
come from intermittent sources, particularly direct solar and wind. This will mean 
that energy conversion and storage will be increasingly needed as these form an 
ever-increasing share of total primary energy, for two reasons. First, as wind and 
solar energy increase their share of electricity output, they will become increas-
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ingly unable to match the varying demands on the grid. Second, wind and solar 
energy will eventually need to supply energy in forms other than electricity, again 
necessitating conversion from electricity.  

Yet as we have seen, conversion of wind or solar electricity to an energy carrier 
such as hydrogen, and storage, perhaps as compressed hydrogen underground, fol-
lowed by transmission to energy demand centres, will reduce the net energy deliv-
ered to consumers, possibly by as much as 50 %. Monetary energy costs will also 
be greatly increased, first because of reduced output, and second because of the 
capital and operation costs of energy conversion and storage equipment such as 
electrolysers and compressors. 

The energy ratio of all RE sources can be expected to fall as the best sources 
are progressively tapped. Figure 5.1 makes this clear for wind energy. For hydro, 
Baines [6] has shown that the energy ratio for New Zealand hydro projects first 
rose, but was then expected to progressively decrease as less favourable sites had 
to be used. Ongoing climate change will probably decrease electrical output for 
many hydro schemes over their lives, further lowering their energy ratio. Even for 
direct solar, with its enormous global potential, the energy ratio will fall as solar 
energy farms are located on sites located far from load centres. 

Some RE sources are now mature technologies (Table 5.2). These include hy-
dro power, biomass combustion and conventional geothermal power. Unfortu-
nately these sources are probably near their global limits. On-shore wind turbines 
are also a mature technology. Solar cells are still undergoing development, and it 
is not clear which type will prevail. But the technologies for energy conversion 
and storage still need much development. The limited potential for mature RE 
technologies, combined with both the present low base level for wind and espe-
cially direct solar (together they delivered only one EJ in 2008, see Table 5.1), and 
their eventual need for expensive storage and conversion, means that rapid de-
ployment of RE cannot be expected. 

Rapid deployment will also be hindered by their environmental problems, 
which will become increasingly evident as their output is expanded by several or-
ders of magnitude. Hydro schemes have long been opposed by environmentalists, 
both in the OECD, and increasingly, in developing countries such as India. Oppo-
sition to wind farms, particularly in OECD countries, may be an example of what 
to expect for other new RE sources, especially for the giant solar farms that will be 
required if RE sources are ever to replace fossil fuels. 

References 

[1] Abbasi SA, Abbasi N (2000) The likely adverse environmental impacts of renewable energy 
sources. Appl Energy 65:121–144 

[2] Anon (2009) Commitment, figures, action… New Sci 21 November:5 
[3] Anon (2009) Space solar power. New Sci 12 December:6 



References 99 

[4] Aoki K (2009) The estimate of the wind energy potential and insolation. 
http://arxiv.org/PS_cache/arxiv/pdf/0909/0909.3633v1.pdf. Accessed 15 December 2009 

[5] Archer CL, Caldeira K (2009) Global assessment of high-altitude wind power. Energies 
2:307–319. doi:10.3390/en20200307 

[6] Baines JT (1987) Resources, reserves and their economic potential or how scarce is scarce? 
Technol Forecast & Soc Change 32:295–310 

[7] Barnett TP, Adam JC, Lettenmaier DP (2005) Potential impacts of a warming climate on 
water availability in snow-dominated regions. Nature 438:303–309 

[8] Bertrani R (2007) World geothermal generation in 2007. GHC Bulletin, September 2007:8–
19  

[9] Bezdek RH, Wendling RM, (2006) The U.S. energy subsidy scorecard. Issues in Sci and 
Technol 22(3):83–85 

[10] BP (2009) BP Statistical review of world energy 2009. BP, London 
[11] Brooks M (2008) High flyers. New Sci 17 May:38–41 
[12] Brown LR (2009) Plan B 4.0: Mobilizing to save civilization. Norton, New York and Lon-

don 
[13] Callaway E (2007) To catch a wave. Nature 450:156–159 
[14] Clarens AF, Resurreccion EP, White MA et al. (2010) Environmental life cycle comparison 

of algae to other bioenergy feedstocks. Environ Sci Technol 44:1813–1819 
[15] Crutzen PJ, Mosier AR, Smith KA et al. (2008) N2O release from agro-biofuel production 

negates global warming reduction by replacing fossil fuels. Atmos Chem Phys 8:389–395 
[16] Curry A 2009. Deadly flights. Science 325:386–387 
[17] Cyranoski D (2009) Japan sets sights on solar power from space. Nature 462:398–399 
[18] Czisch G, Giebel G, Mortensen NG (2003) Effects of large-scale distribution of wind en-

ergy in and around Europe. http://www.saharawind.com/dedicatedpapers.php. Accessed on 
1 March 2010  

[19] de Vries BJM, van Vuuren DP, Hoogwijk MM (2007) Renewable energy sources: Their po-
tential for the first-half of the 21st century at a global level: An integrated approach. Energy 
Policy 35:2590–2610 

[20]  Drewitt AL, Langston RHW (2006) Assessing the impacts of wind farms on birds. Ibis 
148:29–42 

[21] Energy Information Administration (EIA) (2009) International energy outlook 2009. US 
Department of Energy, Washington, DC  

[22] European Commission (EC) (2006) World energy technology outlook-WETO H2. Director-
ate General for Research: EUR 22038. EC, Brussels, Belgium 

[23] Fathi NY, Salem AA (2007) The reliability of the photovoltaic utilization in southern cities 
of Libya. Desalination 209:86–90 

[24] Felix E, Tilley DR (2009) Integrated energy, environmental and financial analysis of etha-
nol production from cellulosic switchgrass. Energy 34:410–436 

[25] Field CB, Campbell JE, Lobell DB (2008) Biomass energy: the scale of the potential re-
source. Trends in Ecol and Evol 23(2):65–72 

[26] Gerbens-Leenes W, Hoekstraa AY, van der Meer TH (2009) The water footprint of bio-
energy. Proc Natl Acad Sci 106:10219–10223 

[27] Global Wind Energy Council (GWEC) (2008) Global wind energy outlook 2008. 
http://www.gwec.net/fileadmin/images/Logos/Corporate/GWEO_A4_2008_lowres.pdf. 
Accessed 2 December 2009  

[28] Hafele W (1981) Energy in a finite world: A global systems analysis. Ballinger, Cambridge, 
MA  

[29] Harrison GP, Whittington HW, Wallace AR (2006) Sensitivity of hydropower performance 
to climate change. Int J Power and Energy Sys 26(1):42–48 

[30] Hempsell M (2006) Space power as a response to global catastrophes. Acta Astronautica 
59:524–530 



100 5 Renewable Energy: Too Little, Too Late? 

[31] Ho M-W, Joe Cummins J, Saunders P (2007) GM food nightmare unfolding in the regula-
tory sham. Microbiol Ecol in Health and Disease 19:66–77 

[32] Honnery D, Moriarty P (2009) Estimating global hydrogen production from wind. Int J Hy-
drog Energy 34:727–736 

[33] Hoogwijk M, Faaij A, van den Broek R et al. (2003) Exploration of the ranges of the global 
potential of biomass for energy. Biomass and Bioenergy 25:119–133 

[34] Hoogwijk M, de Vries B, Turkenburg W (2004) Assessment of the global and regional 
geographical, technical and economic potential of onshore wind energy. Energy Econ 
26(5):889–919 

[35] International Energy Agency (IEA) (2007) Renewables in global energy supply: An IEA 
fact sheet. IEA/OECD, Paris 

[36] International Energy Agency (IEA) (2009) Key world energy statistics 2009. IEA/OECD, 
Paris (Also earlier editions.) 

[37] Johansson TB, McCormick K, Neij L et al. (2004) The potentials of renewable energy. Int 
Conf for Renewable Energies, Bonn. www.renewables2004.de. Accessed 25 October 2009 

[38] Kerr RA, Stone R (2009) Two years later, new rumblings over origins of Sichuan quake. 
Science 327:1184 

[39] Lehner B, Czisch G, Vassolo S (2005) The impact of global change on the hydropower po-
tential of Europe: A model-based analysis. Energy Policy 33:839–855 

[40] Lu X, McElroy MB, Kiviluomac J (2009) Global potential for wind-generated electricity. 
Proc Natl Acad Sci 106(27):10933–10938 

[41] Mankins JC (2009) New directions for space solar power. Acta Astronautica 65:146–156 
[42] Mascarelli AL (2009) Gold rush for algae. Nature 461:460–461 
[43] Massachusetts Institute of Technology (MIT) (2006) The future of geothermal energy: Im-

pact of enhanced geothermal systems (EGS) on the United States in the 21st century. DOE 
Contract DE-AC07-051D14517. http://geothermal.nrel.gov. Accessed 10 November 2009 

[44] McIntyre R (2009) Algae's powerful future. The Futurist 43(2):25–32 
[45] Moriarty P, Honnery D (2007) Global bioenergy: Problems and prospects. Int J Glob En-

ergy Issues 27(2):231–249 
[46] Moriarty P, Honnery D (2007) Intermittent renewable energy: The only future source of hy-

drogen? Int J Hydrog Energy 32:1616–1624  
[47] Moriarty P, Honnery, D (2009) Hydrogen’s role in an uncertain energy future. Int J Hydrog 

Energy 34:31–39 
[48] Moriarty P, Honnery D (2009) What energy levels can the earth sustain? Energy Policy 

37:2469–2474 
[49] Moriarty P, Honnery D (2009) Renewable energy in a warming world. In: Jacobs NB (ed.) 

Energy policy: Economic effects, security aspects and environmental issues. Nova, New 
York  

[50] Moriarty P, Honnery D (2010) A human needs approach to reducing atmospheric carbon. 
Energy Policy 38(2):695–700 

[51] Mortimer ND (1991) Energy analysis of renewable energy sources. Energy Policy 
19(4):374–385 

[52] Murphy DM (2009) Effect of stratospheric aerosols on direct sunlight and implications for 
concentrating solar power. Environ Sci Technol 43(8):2784–2786 

[53] Nilhous GC (2005) An order-of-magnitude estimate of ocean thermal energy resources. 
Trans ASME 127:328–333 

[54] Nilhous GC (2007) An estimate of Atlantic Ocean thermal energy conversion (OTEC) re-
sources. Ocean Engg 34:2210–2221 

[55] Ngo P (2008) World Bank report to claim biofuels caused 75 % of food price surge. Ethanol 
& Biodiesel News 20:28 

[56] Pearce F (2008) China quakes. New Sci 20/27 December:31 
[57] Pearce F (2009) Sunshine superpower. New Sci 24 October:38–41 



References 101 

[58] Ponton JW (2009) Biofuels: Thermodynamic sense and nonsense. J Cleaner Prod 17:896–
899  

[59] Pritchard S (2002) Overloaded. Int Water Power & Dam Constr 54(7):18–22 
[60] Renewable Fuels Association (RFA) (2009) Ethanol industry outlook 2009.   

http://www.ethanolrfa.org/objects/pdf/outlook/RFA_Outlook_2009.pdf. Accessed 16 Sep-
tember 2009  

[61] Roberts BW, Shepard DH, Caldeira K et al. (2007) Harnessing high-altitude wind power. 
IEEE Trans Energy Convers 22 (1):136–144 

[62] Running SW, Nemani RR, Heinsch FA et al. (2004) A continuous satellite-derived measure 
of global terrestrial primary production. Biosci 54(6):547–560 

[63] Ruppe HO (2003) Remarks concerning the feasibility of space-based solar-electric energy 
production for Earth usage (“Powersat”). Acta Astronautica 53:71–73 

[64] Sanderson K (2009) Wonder weed plans fail to flourish. Nature 461:328–329 
[65] Sasaki S, Tanaka K, Higuchi K et al. (2006) A new concept of solar powered satellite: Teth-

ered SDS. Acta Astronautica 60:153–165 
[66] Scruggs J, Jacob P (2009) Harvesting ocean wave energy. Science 323:1176–1178  
[67] Seboldt W (2004) Space- and Earth-based power for growing energy needs of future 

generations. Acta Astronautica 55:389–399 
[68] Service RF (2009) ExxonMobil fuels Venter’s efforts to run vehicles on algae-based oil. 

Science 325:379 
[69] Shinnar R, Citro F (2006) A road map to U.S. decarbonization. Science 313:1243–1244 
[70] Sims REH, Schock RN, Adegbululgbe A et al. (2007) Energy supply. In: Metz B, Davidson 

OR, Bosch, PR, et al. (eds.), Climate change 2007: Mitigation. CUP, Cambridge, UK 
[71] Sky WindPower Corporation (n.d.) High altitude wind power.   

http//www.skywindpower.com/ww/index.htm. Accessed 29 November 2009 
[72] Thacker PD (2004) As the planet heats up, will the topsoil melt away? J Soil and Water 

Conserv 59(1):12A–15A 
[73] vanVuuren DP, vanVliet J, Stehfest E (2009) Future bio-energy potential under various 

natural constraints. Energy Policy 37(11):4797–4808 
[74] Walker DA (2009) Biofuels, facts, fantasy, and feasibility. J App Phycol 21:509–517 
[75] Wiese A, Kaltschmitt M, Lee WY (2009) Renewable power generation–a status report. Re-

new Energy Focus July/August:64–69  
[76] Wikipedia (2010) Geothermal energy. http://en.wikipedia.org/wiki/Geothermal_energy. Ac-

cessed 7 January 2010 
[77] Wikipedia (2010) Ocean thermal energy conversion.   

http://en.wikipedia.org/wiki/Ocean_thermal_energy_conversion. Accessed 9 January 2010  
[78] Wikipedia (2010) Solar thermal energy.  

http://en.wikipedia.org/wiki/Solar_thermal_energy. Accessed 8 January 2010 
[79] Wikipedia (2010) Tidal energy. http://en.wikipedia.org/wiki/Tidal_energy. Accessed 8 Jan-

uary 2010 
[80] Wikipedia (2010) Wave energy. http://en.wikipedia.org/wiki/Wave_energy. Accessed 9 Jan-

uary 2010 
[81] Wikipedia (2010) Wind energy. http://en.wikipedia.org/wiki/Wind_energy. Accessed 7 Jan-

uary 2010 
[82] World Commission on Dams (2000) Dams and development: a new framework for deci-

sion-making. World Commission on Dams 
[83] World Energy Council (WEC) (2007) World energy survey 2007. WEC, London 
[84] World Wind Energy association (2009) World Wind Energy Report 2008.   

http://www.wwindea.org/home/images/stories/worldwindenergyreport2008_s.pdf.  
Accessed 13 December 2009 



103 

Chapter 6  
Nuclear Energy: The Ultimate 
Technological Fix? 

6.1 Introduction  

In Chapter 3 we saw that radioactive decay of elements like uranium in the Earth’s 
crust was partly responsible for geothermal heat. Uranium, however, can also be 
used as a source of energy in its own right – not from radioactive decay heat (al-
though this has been used as an energy source in satellites), but from the heat of 
nuclear fission. From its origins in the development of nuclear weapons in the 
1940s, nuclear fission power has been the most controversial of all energy sources, 
which makes it particularly difficult to forecast its future. Controversy has em-
broiled all aspects of nuclear power: the safety of reactors, the extent of uranium 
resources, the effects on health of low levels of ionising radiation, the likelihood 
of nuclear weapons proliferation, and the effectiveness of various nuclear waste 
disposal methods. 

Most reactors operating today are of a type that use very little of the energy 
potentially available from nuclear fission of the fuel. Some efficiency improve-
ments can be made by raising operating temperatures and leaving the nuclear 
fuel in the reactor for longer, but if nuclear power is to have a long-term future as 
a major energy source, the presently-used thermal reactors must be seen as only 
a transition technology to so-called fast reactors, which, it is claimed, can extend 
the world’s limited resources of uranium by perhaps a factor of 30 [36]. If a ma-
jor shift to nuclear energy demands construction of breeder reactors, the experi-
ence gained in the first half century of nuclear power plant design will be of much 
less use.  

Because nuclear energy is an established technology, this chapter looks in de-
tail at the operation of nuclear plants, and the numerous problems they have en-
countered. It also examines the prospects for both fast and fusion reactors, new 
technologies, which, it is claimed, can alleviate many of the difficulties facing 
present reactor designs. 
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6.2 Nuclear Energy: History and Forecasts  

In 1932, Albert Einstein stated: ‘There is not the slightest indication that nuclear 
energy will ever be obtainable.’ Yet 24 years later, in 1956, the first nuclear power 
station ever connected to the grid went on line at Calder Hall in the UK [55]. 
However, more than one half-century later, nuclear power provided less than 6 % 
of total energy, a share that has fallen slightly in recent years. According to the In-
ternational Atomic Energy Agency (IAEA), at the end of 2008, 438 nuclear power 
plants were in operation worldwide (one less than a year earlier), with a total gen-
erating capacity of 372 gigawatt (GW). A total of 44 reactors were under construc-
tion, with a combined design output of 39 GW [20, 21]. 

In 2008, nuclear plants supplied 9.9 EJ of gross electric power (or 13.6 % of the 
world’s gross electricity), down from a local peak of 10.0 EJ in 2004 [2]. In fact, 
nuclear power’s share of global electricity production reached 16 % as early as 
1986, then held steady for two decades, before losing share in recent years.  

The growth of installed global capacity since 1960 is shown in Figure 6.1. In 
recent years there has been a decline in output (as distinct from installed capacity), 
largely because of the shut-down of a number of Japanese reactors while their 
earthquake risk is assessed, as discussed in Section 6.4.3. Growth in nuclear power 
output, like installed capacity, was rapid until the late 1980s, but has only grown 
slowly since. Nevertheless, the availability factor (the proportion of time for 
which the reactor is available for generating power) has risen greatly in recent 
decades, as operating experience has accumulated; in the US the average capacity 
factor (the proportion of time for which the reactor is actually generating at design 
power output) rose from less than 60 % in 1980 to 91 % in 2005 [46].  

In their 2009 assessment of nuclear energy, the IAEA projected that even in 
their high-growth scenario, nuclear’s share of global electricity generation would 
increase to 14.4 % by 2030, only a little above its present level. In the low-growth 
case, nuclear energy’s share would fall from its 2007 level of 14.2 % to 12.4 % in 
2030 [20, 21]. The IAEA is not known for its pessimism in projecting the future of 
nuclear power – in the mid-1970s, the IAEA forecast that the year 2000 would see 
as much as 2500 GW of installed capacity. In fact there was only 348 GW installed 
by the end of 2000 [26]. Similarly, Utgikar and Scott [49] showed that the interna-
tional participants in a major 1974 Delphi study on the future of energy technol-
ogy greatly over-estimated the development of nuclear energy and technology in 
2000.  

The most recent EIA projections [11], unlike the IAEA, have taken account of 
the late-2008 global financial crisis. Their base case projection was similar: nu-
clear’s share of global electricity output falls from 15.2 % in 2006 to 11.3 % in 
2030. Even in the most favourable scenario (high oil price case), nuclear’s share 
of global electricity in 2030 is only marginally above its present value. These low 
official forecasts contrast sharply with talk of a ‘nuclear renaissance’. But as Brad-
ford [3] has pointed out, 2009, the seventh year of the nuclear renaissance in the 



6.2 Nuclear Energy: History and Forecasts 105 

US has seen most of the applications to build reactors delayed or cancelled, and no 
concrete has been poured.  

 

Figure 6.1 World installed nuclear power capacity (electric), 1960–2008. Sources: [21, 55] 

The prospects for rapid growth in nuclear power are not helped by escalating 
construction costs – in the US the cost of planned 1.0 GW nuclear plants in 2008 
was estimated to be as high as US$ 10 billion [39]. So-called extreme costs, the 
costs for the most expensive of a fleet of plants, are just as significant as average 
costs for plant construction and operation. The possibility of these very high cost 
plants deters private investment in nuclear power.  

Another US study by Hultman and co-workers [18] analysed the levelised capi-
tal and operating costs for electricity entering the grid from 99 nuclear plants. 
They found that unit costs (in constant 2004 cents/kWh) for most reactors fell in 
the 3–8 cents/kWh range, but that 16 % had total delivered costs of over 
8 cents/kWh, and 5 % were greater than 12 cents/kWh. Some very high cost reac-
tors are to be expected for early reactors of a given general type, but these re-
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searchers found that the risk of high costs remained even after a number of reac-
tors of the same design had been built. Nuclear power plants do not seem to follow 
the learning curves typical of other technologies.  

Similarly, Mycle Schneider [42, 44], a French nuclear consultant, has docu-
mented the delay and cost overruns for the only two new reactors being presently 
constructed in Western Europe, the first ones started since 1991. Both are being 
constructed by the Franco-German consortium AREVA NP, one in Finland, one in 
France. The 1,600 MW Finnish reactor is already several years behind schedule, 
and more than 50 % over its planned budget. AREVA NP has received subsidies 
for its construction from both the French and German governments. Worldwide, of 
the 35 reactors he reported under construction in August 2008, 11 had been under 
construction for 20 years or more. Feiveson [13] has also used the long lead times 
for nuclear power expansion to argue that no great expansion of nuclear power 
output is possible in the next decade or two. 

Recently Schneider has predicted that ‘the industry will not even be able to re-
place the units being shut down because of ageing’ [42]. He gave several reasons 
why nuclear plant fleet replacement, or even up-grading of existing plants to pro-
long their operational life, will prove difficult. First, the slow growth in power 
plant construction evident over the past two decades (Figure 6.1) has resulted in 
many nuclear equipment suppliers leaving the market. The nuclear slowdown has 
led to an ageing nuclear workforce as well as an ageing fleet of reactors, so short-
ages in skilled workers and professionals could also limit any nuclear expansion, 
even if funds were available. Second, even before the global financial crisis, in-
vestors were reluctant to commit funds to nuclear plants, and given the cost data 
just outlined, it is not hard to see why. Given these facts, we might now re-
interpret Einstein’s remark to mean that there is not much indication that nuclear’s 
share of global energy will ever rise much above its current value. 

6.3 The Nuclear Fuel Cycle  

A useful way of introducing the complex topic of nuclear energy production is to 
examine the so-called nuclear fuel cycle: tracking the uranium (or other nuclear) 
fuel from mining and milling, enrichment to fabrication of the fuel elements, load-
ing of the fuel elements into the reactor, reactor operation, reprocessing of the 
spent fuel (if attempted), and finally the permanent disposal of nuclear wastes in 
underground storage sites. Figure 6.2 provides an idea of the fuel cycle in its ideal 
form. At present only a small share of spent fuel is reprocessed, and, despite the 
promises, no permanent high level waste storage repositories are operating. 

The element uranium occurs in a number of different forms, or isotopes. Iso-
topes of a given element like uranium all have the same number of protons in the 
nucleus, but differing numbers of neutrons. The two most important isotopes of 
uranium (U) are U-235 and U-238. The isotopes decay naturally, U-238 with a 
half-life of 4.51 billion years – after 4.51 billion years half the atoms will have de-
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cayed, emitting an alpha-particle (the nucleus of a helium atom) in the process, 
and after another 4.51 billion years, half of the remaining atoms, and so on [57]. 
(Its half-life of 4.51 billion years is close to the age of the Earth itself, and about a 
third of the age of the universe, which explains why there is still some left.) 

The nuclear fuel cycle for conventional nuclear power begins with uranium 
mining. Mining of uranium, either by underground or surface mining, is similar to 
other mining operations, presenting similar hazards, with one important differ-
ence: the presence of radon gas. Radon is an intermediate product in the radioac-
tive decay of U-238. After several decay steps, the chemically inert but radioactive 
gas radon-222 is produced, which builds up in the ore body. Being a gas, it can be 
inhaled, and so care must be taken to ventilate the mines well. Unfortunately, this 
has not always been the practice in the past – or even in some low-income, ura-
nium-producing countries today. And for residents living near uranium mines, the 
threat to their health continues for many decades, even after the mines have closed 
down [9]. 

 

Figure 6.2 Schematic diagram of the nuclear fuel cycle 

After mining, the ore is crushed and milled to the consistency of fine sand, and 
the uranium extracted using chemical solvents. This ‘yellowcake’, with a chemical 
composition corresponding to U3O8, consists of only 0.7 % of U-235, with nearly 
all the remainder being the more stable U-238, which cannot be directly fissioned. 

The proportion of U-235 in natural uranium is too low for it to be used as a fuel 
in most existing reactors in operation today, so the fuel must be ‘enriched’ to raise 
the proportion of U-235 in the fuel to typically 3 %. For enrichment, the yellow-
cake is first converted to a gas (uranium hexafluoride). The slightly lighter U-235 
can then be separated from U-238; the two main methods for doing so use either 
gaseous diffusion or gas centrifuges. Multiple passes of the gas through the en-
richment plant are necessary for enrichment to even 3 %. (Some possible reactor 
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types, including gas-cooled reactors and pressurised heavy water reactors, do not 
require uranium enrichment [55].) 

However, the same equipment can also be used to produce highly enriched 
U-235, a weapons grade material (and the fissionable fuel used in the Hiroshima 
weapon in 1945). A civilian nuclear power program can provide an ideal cover for 
a highly enriched uranium program. At the very least, it leaves this option open for 
a country – and makes neighbouring countries think the worst about the purity of 
its nuclear intentions. Enrichment, even to low levels, is also a very energy-
intensive process. Although the centrifuge method is much more energy efficient, 
most enriched uranium is still produced in the earlier gaseous diffusion plants. Be-
cause of this reliance on inefficient technology, enrichment accounts for most of 
the energy inputs into nuclear power, but this should change as the centrifuge 
method increases its share [14].  

Today’s commercial nuclear power plants are nearly all fission reactors: heavy 
atoms (usually of uranium) are induced to undergo fission, but the products of this 
process have slightly less mass than the original atoms. The missing mass (m) has 
been converted into energy (E) in accordance with Einstein’s celebrated formula E 
= mc2, where c is the speed of light. The fission products typically include two or 
three neutrons emitted at high speed, which can be used to fission further uranium 
atoms. But since these fast neutrons are less efficient at causing fission of U-235 
atoms than slower neutrons, a moderator is used to slow them down. Water is the 
most commonly used moderator, but the gases CO2 and helium have also been 
used. Slow neutrons are also called thermal neutrons, and the reactors that employ 
them, thermal reactors. 

If all neutrons emitted from the fission process could be used for fissioning fur-
ther U-235 atoms, the fuel would be extremely rapidly depleted by the resulting 
runaway chain reaction, as happens in fission bombs. Only one neutron from each 
fissioning is required to maintain the chain reaction. Surplus neutrons are mopped 
up by neutron-absorbing control rods so that a steady rate of fissioning, and so 
thermal power output, is produced. (Control rods are manufactured from materials 
that can absorb neutrons without themselves fissioning. The light element boron is 
often used in the form of high-boron steel or boron carbide as absorbent [53].)  

The fuel rods are removed from the core well before fission of all U-235 has 
occurred, because of the build-up of neutron-absorbing fission byproducts, which 
impede (or ‘poison’) the chain reaction. After removal, the irradiated spent fuel 
rods are placed in large water tanks to cool. The fuel rods contain most of the fis-
sion products from U-235 fission, and these are often intensively radioactive, with 
short half-lives. After 10 half-lives, the radioactivity of a given isotope will have 
decayed to less than one-thousandth of its original level (because 210 equals 1024). 
So for isotopes with half-lives measured in days, a few months in the cooling pond 
will allow a great reduction in radioactivity. Some isotopes have very long half-
lives – for plutonium-239, the value is 24,100 years [56]. It will take nearly 
250,000 years for its radioactivity to fall to safe levels.  
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The long half-lives of plutonium (and other elements with even higher atomic 
numbers) create the need for long-term secure underground burial of high-level 
radioactive wastes, the final link in the fuel cycle. After more than 60 years of nu-
clear weapons and civilian nuclear power development, no permanent waste dis-
posal sites have been developed. Instead, high level wastes from both the civilian 
and military programmes are stored above ground, as in the tanks at the Hanford 
reservation in Washington state in the US. These tanks, which have operating lives 
of only a few decades, have experienced serious leaks over the past decades. This, 
and the experience of other nuclear dumps and toxic waste disposal practices, do 
not augur well for safe nuclear waste disposal. Cost-cutting has always been a fea-
ture of all toxic waste disposal. 

Needless to say, we have no experience of political organisations lasting for 
such long time periods – they have lifetimes of a few centuries, at best. Proper 
disposal of our waste produces no economic benefits for future generations; for 
them it will be all cost. And we have no idea what the world will be like in future, 
since, as we saw in Chapter 2, significant climate change in the past has occurred 
over timespans of a decade or less. We can have no confidence that even hundreds 
of years from now, presently unoccupied land will remain unoccupied, or that the 
underground water regimes that we have observed in the past will be any guide to 
the future. Whether we have a ‘nuclear renaissance’ or not, the existing long-lived 
wastes will haunt us – or rather our descendants – for millennia.  

6.4 Reactor Design 

A bewildering variety of reactor types have been developed and even deployed, 
based on various combinations of moderator, coolant, and fuel [38]. By far the most 
common type are light water reactors (LWRs) [55]. In light water reactors, water 
serves as both the moderator for slowing the fission neutrons down, and as a coolant 
for carrying the heat from the reactor core to the turbines for electricity generation 
(see Figure 6.3). LWRs evolved from the US naval reactor program for nuclear-
powered submarines. Submarine reactors require high power density, because of 
space limitations. Water is readily available for both moderating and cooling. These 
reactors are also refuelled ‘off-line’; in other words, the reactors are shut down for 
refuelling, which is not a problem for submarines, since they must return to port and 
be serviced at regular intervals anyhow. But the best design for submarine reactors 
is not necessarily optimal for the far larger land-based civilian power plants.  

Nevertheless, LWRs today account for the great majority of global installed 
capacity. Ramana [37] gives the following breakdown: 
• 359 LWRs, including 265 pressurised water reactors and 94 boiling water reac-

tors; 
• 44 pressurized heavy water reactors; 
• 18 gas-cooled, graphite-moderated reactors; 
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• 16 light-water-cooled, graphite-moderated reactors; and 
• 2 fast breeder reactors. 

A very different approach to reactor design was developed in Canada. Their 
CANDU (short for CANadian Deuterium Uranium) reactors use ‘heavy water’ 
(D2O rather than H2O, where deuterium (D) consists of one proton and one neu-
tron) as moderator and coolant. D2O occurs naturally as a very small constituent of 
ordinary water – one in every 3200 molecules [54]. The advantage of using heavy 
water is that natural uranium can fuel the reactor – in essence, the water is ‘en-
riched’ (by chemical and fractional distillation methods) rather than the uranium.  

 

Figure 6.3 Schematic diagram of a pressurised light water reactor  

Another advantage of CANDU reactors is that they can be refuelled on-line, so 
need not be shut down for refuelling. Because CANDU reactors use heavy water, 
they produce more plutonium from their uranium fuel, adding to their weapons 
proliferation risk. Other reactors types, such as the Magnox reactors in the UK, 
also use natural uranium as fuel, but graphite to moderate the neutrons, and CO2 as 
the coolant. Helium can also be used as a coolant in gas-cooled reactors. 

In the three decades following the accident at the Three Mile Island (TMI) nu-
clear plant near Harrisburg, Pennsylvania, much of the emphasis in reactor design 
has been on making LWRs safer. The design aim has been to make reactors ‘in-
herently safe’, so that even if a loss of coolant accident occurs, the reactors can 
still be safely cooled. For reactors such as that at TMI, if for some reason the cool-
ant water flow is reduced, emergency pumps are rapidly activated. If these also 
fail, a loss of coolant accident occurs.  
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Even if the fission reactions are stopped by full insertion of control rods to ab-
sorb all neutrons, much heat will still be generated in the core from decay of short-
lived fission byproducts of the chain reaction. (Typically, decay thermal power 
output is 5–6 % of the total thermal output of the operating reactor.) The longer 
the fuel has been in the reactor, the greater is the decay heat power output that 
must be removed. If it is not continuously removed there is a danger of the fuel 
elements melting, with resultant damage to the reactor vessel. Safety of LWRs is 
not helped by the high power energy density in the reactor core.  

One approach to improving safety has been the use of passive safety features, 
rather than reliance on active high-pressure emergency water pumps. Passive 
safety features rely on natural physical processes, so that even if all active systems 
fail, the core will not overheat. The new LWR reactor design AP600, for example, 
relies on a large tank filled with cold borated water (i.e., water containing borax). 
If the core pressure remains elevated, the cold water circulates as a result of nega-
tive buoyancy [34]. Convection cooling operates for as long as core cooling is 
needed. Inherently safe designs are even better than passive systems. Pebble bed 
reactors encase the fuel pellets in layers of ceramic materials that have higher 
melting points than can be achieved by the reactor, even without cooling. 

If nuclear power is ever to be a major global energy source, it will also need to 
be taken up by most countries in the world, not just the present technologically 
advanced economies, which account for nearly all nuclear power capacity today. 
One proposal in the US is to construct small reactors designed to operate without 
major maintenance needed for up to 30 years in countries with low grid capacity 
requirements.  

Conventional reactors can have electrical outputs of one GW or more, often too 
large for grids in such countries to absorb. (These small reactors are also designed 
to be used in settlements remote from the grid in regions such as Siberia and 
Alaska, with power needs as low as 10 MW.) For overseas operation, the reactors 
would be shipped in a supposedly ‘tamper-proof’ capsule, and then shipped back 
to the US at the end of their operating life. A number of other countries, including 
Japan, Russia and India, are also working on small reactor development for both 
local and export markets [29].  

6.5 Difficulties with Existing Nuclear Power Programs 

Nuclear power has been by far the most controversial of all energy sources. In the 
1970s and 1980s, strong anti-nuclear movements developed in many countries of 
the OECD, around the issues of uranium mining, reactor safety and low-level ra-
diation, nuclear proliferation and nuclear waste disposal. No doubt helped by the 
1979 TMI accident and the Chernobyl disaster in 1986, these movements suc-
ceeded in producing a near-moratorium on new nuclear power plants in West 
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European countries and the US. In this section, we explore in more detail the vari-
ous reasons underlying the controversy. 

6.5.1 Uranium Resources Are Limited 

Although nuclear energy is not a carbon-based fossil fuel, and so produces no CO2 
when operating, it is, like fossil fuels, a non-renewable energy source. Like fossil 
fuels, we need to know what the reserves of uranium are, and for how long they 
will last at various usage rates. The latest official estimates gave conventional re-
sources of uranium as 5.5 million tonnes (Mt) able to be mined at prices ≤ US$ 
130 per kg. Of this figure, reasonably assured resources were 3.3 Mt, and inferred, 
but yet-to-be-discovered resources were 2.2 Mt. Additionally, undiscovered re-
sources were estimated at 10.5 Mt, for a total of 16 Mt [8].  

Reactors typically use 20.7 tonnes of natural uranium to generate one TWh of 
electricity (0.0036 EJ) [36]. If all the 2008 global electricity production of 
20,202 TWh was generated from nuclear plants, the proved recoverable reserve 
figure of 3.3 Mt uranium would last only 7.9 years, and the entire 16 Mt total a lit-
tle over 38 years – the life of a typical reactor. On the other hand, at the 2008 rate 
of nuclear electricity production (2,739 TWh), 16 Mt would last for nearly 300 
years. Some have argued that the official estimates are too high, and should be re-
duced [8, 32]. Even so, if nuclear power only maintains its present primary energy 
share, U-reserves should not be a problem any time soon [31]. 

Uranium ores presently mined are typically around 2,000 ppm, and the energy 
costs for mining are low compared with the energy in uranium [17, 50]. As we 
saw for copper [6], the energy requirements for mining and milling uranium also 
rise exponentially as ore grades decrease. For concentrations below 100–200 ppm, 
van Leeuwen and Smith [50] argued that energy costs become so high that CO2 
emissions from nuclear power plants using these low grade ores would exceed 
those from a natural gas plant of equal output. In addition, the environmental costs 
of mining, milling and disposing of the huge volumes of soil or rock involved 
would be large; a shift from 2,000 ppm ores to 200 ppm means that 10 times as 
much ore has to be processed.  

To illustrate what would be needed for low grade ores, consider the energy re-
quirements for mining existing high grade ores at South Australia’s Olympic Dam 
mine. Once extensions are completed, this mine is expected to yield 730 thousand 
tonnes of refined copper and 19 thousand tonnes of uranium oxide per year. To do 
this it will consume almost 1.4 million litres of diesel and fuel oil per day, roughly 
equivalent to 2.7 % of all Australian diesel fuel consumption, and almost one % of 
annual electricity. Total annual greenhouse gas emissions are expected to be 
around 4.7 million tonnes CO2-e [1].  

Unconventional uranium resources are vastly larger than conventional re-
sources. Phosphate rocks contain an estimated further 22 Mt of uranium. Together 
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with shales, ore concentrations might be 10–100 ppm [17, 36]. For the very low 
concentrations found in phosphate rock, it seems unlikely that net energy would 
result from its use in the present reactor fleet [30]. The energy, economic and en-
vironmental costs would also be high, although some costs could be shared with 
phosphate production. The mining program required would be enormous.  

But terrestrial resources are dwarfed by those of the world’s oceans, which con-
tain an estimated 4–5 billion tonnes of uranium, at 3 gram/litre. For seawater, the 
maximum energy density that could be obtained from the dissolved U-235 is low, 
1.8 MJ/m3 of seawater [17], although using the concentrated brine from desalina-
tion plants could reduce energy needs. Just providing for the world’s 2008 gross 
electricity production would entail processing nearly 50 thousand km3 of the ocean 
each year, even assuming 100 % collection. The effect on ocean surface ecosys-
tems – and the costs of segregating depleted seawater from unprocessed seawater 
– would rule out such an approach.  

6.5.2 Low Level Radiation 

Low level ionising radiation is a potential hazard at many parts of the nuclear fuel 
cycle: from mining, tailings dumps, normal reactor operation, reprocessing of 
spent fuel, and the storage, either temporary or permanent, of high level nuclear 
wastes. Fear of this invisible radiation is an important driver of opposition to nu-
clear power. Of course, the nuclear fuel cycle for civilian power plants is only one 
possible source of radiation.  

Other sources include wastes from military nuclear programs, medical and 
other X-rays, and natural background radiation. The widespread testing of nuclear 
weapons in the atmosphere was also an important source of radioactivity. As we 
have just discussed, radioactive elements are present in low concentrations in the 
Earth’s crust, particularly in granite rock. People living in areas with such rocks 
receive larger than usual doses of background radiation. So do those living at high 
altitudes, because of increased levels of cosmic radiation [52]. 

An examination of the history of radiation standards shows a progressive re-
duction since the early 20th century in what were regarded as ‘safe’ dosages for 
both workers in the nuclear industry and the general public. It is widely agreed 
that setting radiation standards involves ethical problems as well as scientific ones. 
For example, should levels for nuclear plant workers be set at higher levels than 
the general public? If yes, how much more risk should they be exposed to? There 
is also much controversy about the dose-response curve for radiation at low levels; 
in other words, the adverse health effects (for example the increased risk of certain 
types of cancer) that can be expected for populations exposed to various levels of 
ionising radiation.  

The currently-accepted view is the ‘linear no-threshold’ model, which argues 
that all levels of radiation cause some adverse health effects, and that the risk is di-
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rectly proportional to exposure. It is based on the long-term health experiences of 
Japanese survivors of the nuclear weapons dropped in 1945. This view is in line 
with our understanding of how radiation causes damage in biological cells. A rival 
viewpoint, the hormesis effect, argues that low doses of many substances that are 
toxic at higher levels (including low level radiation) are beneficial at low levels 
[45]. Plainly, such a theory is convenient for the nuclear and other industries. 

Reactors routinely emit small amounts of ionising radiation during normal op-
eration. Whether this level is harmful for local residents is a controversy that has 
continued for several decades. The industry claims the extra dosage is negligible 
compared with that from background radiation and the medical and dental X-rays 
the public already receive, and so is of little consequence. Other researchers are 
not so sure: Mangano and co-workers [28] studied infant deaths and birth defects 
among residents living upwind and downwind from eight US closed reactors that 
were at least 113 km from other reactors in the years following closure. They 
found that the trends in infant deaths upwind from the closed reactors, or more 
than 64 km away from them, were no different from that for the national patterns. 
For downwind areas within 64 km of a closed reactor, however, they found that 
cancer incidence in children under five was reduced significantly in the years fol-
lowing closure. Other studies in Europe have found childhood leukaemia clusters 
near nuclear installations, although the exact cause is under dispute [12]. 

6.5.3 Nuclear Accidents and Reactor Safety 

The above discussion only considered normal releases of radiation from nuclear 
power plants, but reactor failure can result in very large releases. Hirsch and col-
leagues [15] argued that once a reactor has been operating for about 20 years, the 
risk of serious accidents from embrittlement (and so the gradual weakening) of the 
reactor pressure vessel rises. Yet the lives of existing reactors are being extended 
beyond the four decades originally intended, because such an extension is far 
cheaper (and has fewer political problems) than constructing new reactors. Serious 
accidents can result in very large releases of radiation from nuclear reactors, as 
happened in Chernobyl. Fortunately, the interests of both local residents and util-
ity owners of nuclear reactors overlap for serious accidents to plants – a widely 
publicised reactor failure, like TMI, can (and did) have a devastating effect on the 
fortunes of nuclear power. But such is not the case for the ‘routine emissions’ dis-
cussed above. 

Charles Perrow [35] has analysed the safety of complex systems like nuclear 
power plants, from a social science viewpoint. He concluded that failures in ‘com-
plex and tightly coupled’ engineered systems such as nuclear power plants were 
inevitable, examples of what he famously called ‘normal accidents’. These occur 
because:  
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[…] occasionally, though rarely, there are bound to be two or more failures that interact in 
such a way that no designer or no operator could anticipate, and if the system were also 
tightly coupled, the failures would cascade and bring the system down.  

His proposed solution was to try to minimise the consequences of these inevi-
table failures by modularity, and by minimising the populations likely to be se-
verely affected. Put simply, he proposed that people be barred from settling in, or 
alternatively, be relocated from, such high risk areas.  

Normal reactor operation and releases during reactor accidents are not the only 
causes of radioactive releases from the nuclear fuel cycle. In the former USSR, in 
September 1957, a reprocessing plant for the nuclear weapons programme located 
in the southern Urals suffered a chemical explosion that lofted large amounts of 
radioactivity into the air, resulting in the contamination of many thousand km2 of 
land [24]. (A month later, a plutonium production plant at Windscale in the UK, 
also suffered an accident with a smaller but still large release of radioactivity.) Yet 
if nuclear energy is to have a major energy role, reprocessing of spent fuel must be 
expanded many-fold.  

A study of the Y-12 National Security Complex at Oak Ridge, Tennessee, in the 
US found that a large number of accidents at this huge nuclear weapons site had 
happened over the past decade or so, varying from uranium fires to waste drum ex-
plosions [9]. Yet the US has had long experience in dealing with the various parts of 
the nuclear fuel cycle. We must expect that countries with less technical sophistica-
tion and wealth will have many more accidents for a given nuclear power output. 
Michael Ramana [37] has quoted an old saying in the nuclear industry: ‘An accident 
anywhere is an accident everywhere.’ Nuclear power will not be well-served by a 
headlong expansion into countries presently without nuclear power. 

6.5.4 Natural Hazards 

Natural hazards can affect not only the operation of reactors, but also the integrity 
of mine tailings storage and high level waste storage. Earthquakes represent a par-
ticularly important hazard. In Japan in 2007, a 6.6 magnitude earthquake struck 
the Kaskiwakazi-Kariwa nuclear reactor cluster, the world’s largest nuclear power 
complex. The seven reactors were undamaged, but the earthquake led to their clo-
sure for several years [40]. They are finally scheduled for reopening in 2010. 
Many other populous countries that are earthquake prone, including Indonesia and 
the Philippines, are interested in nuclear power.  

Safe operation of reactors can also be affected by fires, floods and even tsuna-
mis. During the 2004 Indian Ocean tsunami, the site of a prototype fast breeder re-
actor under construction at Kalpakkam in India, was partly flooded [41]. Most of 
the world’s nuclear reactors are in danger of flooding, as they are usually located 
on rivers or coasts for access to cooling water. The danger is that the flood water 
could cause electrical short circuits or outright failures by flooding buildings that 
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deal with plant safety. A power plant near New Orleans had to be closed because 
of risk from Hurricane Katrina. 

Drought can also reduce the output from existing nuclear power if rivers are 
used to provide cooling water, as has happened in France in 2003. Since on-going 
climate change is likely to see more extreme weather events, as well as rising sea 
levels and storm surges, it is vital that future energy is generated by robust meth-
ods that are relatively impervious to any changes that might occur. Given the long 
life of reactors, existing plants are also at risk. 

6.5.5 Nuclear Weapons Proliferation and Sabotage 

The civilian nuclear energy programmes in the world today are, in large measure, 
an outcome of nuclear weapons development. The earliest reactors were military 
production reactors, optimised to produce plutonium. The spent fuel from these 
reactors was then reprocessed to extract this plutonium for bombs, such as the one 
dropped on Nagasaki, Japan, in 1945. An alternative route for nuclear fission 
bombs is to enrich natural uranium, carried out in giant enrichment plants. Weap-
ons-grade uranium was used in the bomb dropped on Hiroshoma, a few days be-
fore the Nagasaki bombing. Reactors, now optimised for electricity production, 
together with reprocessing of spent fuel and enrichment of natural uranium, are all 
elements of civilian nuclear power production. An officially civilian nuclear 
power program can provide (and indeed sometimes has provided) an ideal cover 
for a military one.  

Nuclear power installations such as power plants, cooling ponds, and storage 
areas for high level wastes are also at risk from deliberate acts of sabotage. After 
the events of 9/11, the risk of large airliners being deliberately piloted into such 
installations can no longer be ignored. An even earlier act of sabotage occurred in 
1982, when the Superphenix reactor, then under construction in France, was the 
subject of a missile attack [43]. The consequences of such acts are yet another di-
mension we need to consider when we weigh up the various options for carbon 
mitigation. The concrete containment structure shown in Figure 6.3 would provide 
some protection, but as more passively safety features are implemented for LWRs, 
there are pressures to dispense with this expensive safety feature [27]. In any case, 
other sensitive installations such as cooling ponds, with high radioactive invento-
ries, are not so protected.  

We can give a rough estimate of how much plutonium fuel would be needed 
for the total reactor fleet, if breeder reactors produced all the world’s current elec-
tricity output. In 2008, global gross electricity output was 20,202 TWh [2]. As-
sume 4.83 tonne of plutonium per GW capacity, as in the French Superphenix re-
actor (discussed below in Section 6.5.1.) With an 85 % capacity factor, roughly 
13 thousand tonnes of plutonium is needed. Many thousands of tonnes more would 
need to be circulating in reprocessing and fuel fabrication plants, and in shipments 
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from breeder reactors around the world to reprocessing plants. Since it only takes 
less than eight kilograms to make a Nagasaki-type nuclear weapon [51], diverting 
enough for a weapons program would be difficult to detect by international in-
spection. The chances of sub-national groups acquiring plutonium would also be 
much higher than today.  

The dangers posed by the so-called ‘plutonium economy’ have not gone unno-
ticed; indeed it was the reason why the US decided against re-processing spent 
fuel in the 1970s. In unprocessed spent fuel, the plutonium is mixed in with inten-
sively radioactive fission products, with much of the radiation coming from pene-
trating gamma rays. This radioactivity provides some protection against plutonium 
diversion [51]. One proposal is to have international reprocessing centres, where 
spent fuel would be reprocessed under international supervision. Where would 
these centres be located? Obviously the West would like them located in Western 
countries, but would this be acceptable to the rest of the world?  

6.6 Nuclear Power: New Technology for the Long-term? 

We have shown that among the challenges facing present thermal reactors are the 
prospect of future shortages of fissionable material, the need for safe and perma-
nent disposal of high level nuclear wastes, and the risk of deliberate radioactive re-
leases. The two new nuclear reactor types discussed here both aim to eliminate or 
at least reduce one or more of these risks.  

6.6.1 Breeder Reactors 

From the earliest days of nuclear power, it was realised that for nuclear power to 
have a long-term future, the development and deployment of breeder reactors was 
needed. If only thermal reactors were employed, uranium reserves were thought 
insufficient to fuel for long the grandiose nuclear programs that were envisaged. 
As we saw in the previous section, more recent reserve estimates, although ade-
quate for centuries at present usage levels, would very soon be depleted if nuclear 
reactors were required to supply today’s level of electric power, let alone total 
primary energy production.  

Most of the world’s thermal reactors use a ‘once-through’ fuel cycle in which 
the enriched uranium fuel rod assemblies are removed and replaced by new as-
semblies on a regular basis. The spent fuel is first placed in cooling ponds until its 
radioactivity has decreased. Although only a tiny fraction of the energy in the fuel 
is fissioned, it is then placed in temporary above-ground waste repositories prior 
to (it is promised) permanent burial underground. According to Price and Blaise 
[36], ‘In this once through fuel cycle, about 99 % of the potential energy content in 
the nuclear fuel goes unused.’ 
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In some countries, such as the UK, the spent fuel is reprocessed and reused in 
special nuclear reactors. Such reprocessing not only aims to make more efficient 
use of scarce uranium resources, but also to simplify the disposal of high-level nu-
clear waste. In the case of the UK, the plutonium generated by U-238 atoms cap-
turing a neutron during reactor operation is chemically separated out from the 
spent fuel rods, and used to make ‘mixed oxide’ fuel. Given the very low conver-
sion of nuclear fuels to usable energy during their stay in the reactor, it might be 
thought that the spent fuel could be reprocessed repeatedly until most of the fuel 
was consumed. But after several cycles the fuel would be ‘poisoned’ by the build-
up of undesirable isotopes which lower reactor efficiency. At present any fuel 
which is reprocessed is only reprocessed once [36].  

Although thermal reactors do produce some plutonium, this extra fissile mate-
rial is not essential for their operation. But for fast reactors, the idea is not only to 
fuel them with plutonium, but also to have a blanket of U-238 to produce yet more 
plutonium. (‘Fertile’ materials like U-238, unlike the directly fissionable U-235, 
can only be readily fissioned by the capture of a neutron. Some of the U-238 atoms 
are thus converted to Pu-239 atoms by capturing the neutrons in excess of the one 
per fission needed to maintain the chain reaction.) Thermal reactors, as we have 
seen, use moderators to slow neutrons down, but fast reactors use high-energy neu-
trons, because they are more efficiently captured by U-238 nuclei, even if fast neu-
trons are not as good at fissioning U-235 nuclei. Reactors that have been designed 
to produce more plutonium fuel than they consume are called breeder reactors.  

The Generation IV International Forum is an international consortium of nu-
clear energy countries formed with the aim of developing new reactor types. In 
2001 they short-listed six reactor designs, the thinking being that probably only 
three of these would survive further screening and eventually become research 
prototypes [5]. Working demonstration models were not expected before 2030, or 
even 2050 [7]. However, an August 2009 document on the World Nuclear Asso-
ciation website [58] listed seven reactor types, with no decision on which ones to 
develop further. The list included several fast reactor types, including the sodium-
cooled fast reactor. Operating temperatures in several of the proposals are very 
high (up to 1,000 ºC) necessitating the development of new materials. Higher op-
erating temperatures and pressures, and higher burn-up of fuel in any fission reac-
tor, thermal or fast, may help reduce costs, but they compromise safety [15].  

Although breeder reactors are seen as Generation IV reactors, and so a future 
energy source, they are not new. A number of prototypes have been constructed, 
and a few are still operating, but only one commercial breeder reactor has been 
built: France’s Superphenix, a sodium-cooled fast reactor. The decision to build 
the 1200 MW Superphenix was made in 1976, and the reactor was connected to 
the grid in early 1986. It then operated sporadically until 1996, when it was finally 
taken out of service after a life-time capacity factor of less than 7 % [43]. It is es-
timated that the reactor cost US$ 9.5 billion (in 2008 values) to construct – the 
electricity generated was very expensive indeed.  
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In the US, several experimental breeder reactors were built, but the only com-
mercial one was the Enrico Fermi plant near Detroit in Michigan. This plant was 
brought on line in August 1963, but was permanently shut down in 1972 after a 
major malfunction. Paradoxically, the cause of the accident appears to have been a 
last-minute modification to improve safety. Part of a small zirconium-clad metal 
pyramid, built on the containment floor to disperse any molten fuel from a reactor 
accident, came loose and blocked the sodium coolant flow. Japan and Russia have 
also had major accidents with their prototype breeder reactors, and in Germany, 
safety concerns have led to the closure of its prototype fast reactor in Kalkar. To-
day, only Japan and Russia, along with India and China, still have breeder reactor 
programs.  

In India, a 500 MW prototype fast reactor is now under construction and is ex-
pected to be ready for operation in 2010. Two researchers, Kumar and Ramana 
[25] worry about its potential for serious accidents. As in all fast reactors, the core 
in normal operation is not in its most reactive configuration; distortion or melting 
of the fuel rods could greatly raise reactivity. Further, unlike water-cooled reactors 
such as the LWR, loss of the water coolant results in the reactivity increasing 
rather than decreasing. Quality control problems have also occurred during con-
struction, and to save money, the containment structure is not designed to with-
stand reasonable worst case accidents.  

There is, then, some operating experience for fast reactors. This experience in-
dicates that they are much more expensive to build and operate than thermal reac-
tors. Reprocessed fuel is much more expensive than the use of enriched natural 
uranium, which partly explains why it is little used. Because of the reactivity of 
the liquid sodium coolant, high power density, high operating temperatures, and 
negative reactivity, they are also inherently more difficult to operate safely than 
thermal reactors. Sodium leaks from the coolant pipes, and reactivity spikes have 
also occurred.  

The need for multiple cycles of reprocessing to extract plutonium and other fis-
sile material would increase the risk of plutonium diversion. Since a workable nu-
clear weapon can be built with only a few kg of plutonium, the spread of fast reac-
tors would increase the opportunity for new nuclear nations to develop nuclear 
weapons – and sub-national groups to acquire plutonium. 

6.6.2 Fusion Reactors 

The many drawbacks of fission reactors, whether thermal or fast reactors, are well 
known, because of their extensive operating experience. Fusion reactors, because 
they only exist as a possibility, do not suffer from actual adverse effects. Fusion 
reactors would develop energy by fusing together two light atoms, for example 
deuterium and tritium (D-T), two relatively rare isotopes of hydrogen. Fusion is 
what drives the Sun’s prodigious energy output, and conditions similar to those in 
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the Sun’s core will be needed for successful fusion. One advantage of fusion over 
fission reactors is that the radioactive inventory is far smaller.  

Smith and Ward [47] list the main three challenges for fusion power as: 
• heating a large volume (perhaps 1,000–3,000 m3) of plasma to over one hun-

dred million ºC. The superhot plasma must be kept in a ‘magnetic bottle’, 
called a tokamak, to prevent it contacting the reactor walls and cooling; 

• proving that the materials chosen for the reactor walls are durable enough to 
survive the intense neutron flux and high temperatures; and 

• ensuring that the inevitably complex system can operate continuously without 
frequent breakdowns.  
The International Tokamak Experimental Reactor (ITER) was designed to help 

provide solutions to these problems, and site preparation work has started in Cada-
rache in southern France. But already, the cost of the project has doubled from the 
2006 US$ 7 billion estimate, and the estimated date for the first experiments capa-
ble of validating fusion has been pushed back from 2018 to 2025 [4]. These ex-
pected delays and cost inflation illustrate once more the contention of Hultman and 
Koomey [19] on over-optimism in nuclear costs and construction times. 

Several researchers have made even more fundamental criticisms of fusion 
power. Echoing the earlier remark of Einstein, but perhaps with more evidence to 
support their view, Chauncey Starr and colleagues [48] pointed out that there is 
presently no interest from utility companies in hot fusion, and that this situation is 
‘not likely to change in the foreseeable future.’ Only tax-payers money will be 
available for fusion development for many decades to come – private investors are 
not interested. Parkins [33] stressed that although commercial fission reactors fol-
lowed fission bombs by only a few years, the fusion (hydrogen) bomb of the early 
1950s has not, after more than half a century, been followed by commercial fusion 
power. He argued that the ‘explanation has more to do with engineering than with 
physics.’  

A fusion power plant will require a core volume roughly 150 times larger than 
a fission reactor of comparable power output. This in turn necessitates a very large 
area (and volume) of surrounding blanket material to absorb the high energy neu-
trons released by the D-T reaction. Because of the neutron bombardment, the ex-
pensive blanket materials will become embrittled, and require regular replacement 
over the reactor lifetime [16, 33]. As a result of the radiation, dismantling, re-
moval and replacement of the blanket will need to be done remotely. Parkins [33] 
and Hirsch [16] both concluded that the costs of fusion power would be far outside 
the competitive price range, whereas it needs to be much lower, given the finan-
cial risks involved.  
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6.7 An Uncertain Nuclear Future 

Our discussion on nuclear power has illustrated a number of our central themes. 
One is the large uncertainty surrounding a number of issues important to nuclear 
power’s future. We have little idea of the costs of new nuclear plants, even for 
thermal reactors, with over 400 units already in operation. Further, if nuclear 
power is to have a major role in future energy, the present dominant thermal reac-
tors are a dead-end technology. Instead, breeder reactors, which in principle can 
utilise a much higher proportion of the energy potential of uranium, will be re-
quired in large numbers.  

Thus the future will inevitably see designs that depart radically from existing 
ones, which reduces the value of the operating and design experience gained from 
the first half-century of nuclear power. In several of these proposed new designs, op-
erating temperatures have been increased to as high as 1,000 ºC, raising new ques-
tions about material performance and reactor safety. Even the innovative designs 
proposed for new thermal reactors can be very different the from existing designs.  

There is no consensus on the risks from low level radiation. The number of 
cancers that have been caused already by the radiation releases at Chernobyl are 
contested. Final heath consequences are even more uncertain, because cancers can 
take several decades to develop after the radiation exposure, as the experience of 
Hiroshima survivors has shown. Nor is calculation of the dosage received by the 
population from a given release of various radioisotopes readily computed. It de-
pends crucially on how the radioactive material is transported through the envi-
ronment [12]. There have been cases of radioactive material being transported out 
of areas excluded to humans by bird and rabbit droppings. 

A number of studies (e.g., [10, 29]) have pointed out that solving one problem 
in reactor technology often brings on several new ones. Increasing the burn-up of 
nuclear fuels does help promote economy and reduce both uranium throughput 
and waste production. A drawback is that it could have adverse effects on reactor 
safety, as it also increases the radioactivity and heat production of the wastes, 
making their handling and final disposal more difficult [10]. As is often the case in 
industry, attempts to lower costs can lead to compromises in safety. Some of the 
new designs for reactors have proposed to reduce costs by scaling down the ro-
bustness of the expensive containment building. Yet the strong reinforced concrete 
containment at TMI prevented a far more serious release of radioactivity from oc-
curring [27]. 

It is instructive to compare the experience of nuclear power with other energy 
sources. It is true, as nuclear advocates claim, that coal is a very polluting fuel, 
even producing some radioactivity in addition to its large CO2 releases. But the 
dangers posed by fossil fuel power generation are now well-known and uncontro-
versial. Diverting fuel from a fossil fuel-burning power plant is simple theft, not 
an international security issue. Nor does fossil fuel combustion leave waste that 
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must be isolated from human contact for a period longer than modern humans 
have walked the Earth. 

Although large hydro plants can, like nuclear power plants, take years to con-
struct, such is not the case for important RE sources like wind or solar energy. 
Most wind farms and PV installations can generate energy and thus revenue 
within a year of the start of construction. Both these RE sources are modular, with 
much of the manufacture done in factories that continuously produce the units, 
enabling off-the-shelf purchase. A further difficulty for nuclear energy is the 
plethora of competing designs, with different coolants, operating temperatures and 
coolant pressures, moderators, and even input fuels, in addition to the range of de-
sign power outputs [38]. Manufacturing experience and operating experience will 
be thus spread thinly over a range of reactor types. 
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Chapter 7  
Engineering for Greater Energy Efficiency  

7.1 Introduction 

Energy researchers have long seen improvements in energy efficiency as a poten-
tially important means of improving energy security and, more recently, for cli-
mate change mitigation. Researcher Amory Lovins and others [9, 25, 31, 47, 50] 
have seen enormous potential for energy savings from efficiency improvements in 
all energy sectors. They have pointed out, for example, that only 3 % of the pri-
mary energy in the coal feedstock to a power station finishes up as useful lighting 
if an incandescent bulb is used, and that only 15–20 % of the energy in the petrol 
tank actually drives the wheels. They have also stressed that energy savings can 
often feed on each other, so that a lighter car will in turn require a smaller motor, 
leading to further weight reductions and fuel efficiency gains. 

The obvious question arises: given the costs of energy to both businesses and 
households, why are energy efficiencies so low, compared with what appears to be 
possible? Even more puzzling is that many energy savings are seemingly available 
at zero or even negative costs. This chapter will try to explore the reasons why 
such promising lines for energy savings are not implemented. 

Like the 2007 IPCC report [7], we will here concentrate on technical efficiency 
measures and their potential to effect significant energy savings. After examining 
the concept of efficiency, this chapter then looks at several important case studies 
for energy efficiency: transport, both passenger and freight; energy conversion, 
particularly fossil fuel conversion to electricity; and the energy requirements for 
buildings and their equipment, including the provision of space heating and cool-
ing, water heating, cooking energy, lighting, and energy to run other appliances. 
Together, these three sectors account for most of the world’s primary energy use. 
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7.2 Defining Efficiency and Its Limits 

Energy efficiency can be roughly defined as the ratio of useful output to energy 
input. There are, however, many different ways of defining the relationship be-
tween input energy and the output.  

When dealing with thermal energy systems, we often speak of the system’s 
thermal efficiency. This efficiency depends on the type of thermal system. Gas 
turbines, power stations, diesel and spark ignition engines all have their own par-
ticular mathematical expressions for thermal efficiency, which in turn define lim-
its to the maximum possible for that particular system. Thermal efficiencies must 
always be less than 100 % since these systems must reject energy as waste heat, 
and in practice efficiencies never reach their maximum values. A motor vehicle 
engine might have an ideal thermal efficiency of 60 %, but 35–40 % is a more re-
alistic upper value.  

Not all thermal systems are equal; the diesel engines we use typically have gre-
ater thermal efficiency than spark ignition engines. Gas turbines, if run at very 
high pressure, can have even higher values. All thermal systems will have higher 
efficiencies if the system peak temperature is increased, but in practice material 
limits imposed by use of metals limit the peak temperature possible. ‘Bigger and 
slower’ also tend to result in greater thermal efficiency, examples being the diesel 
engines which power trains and ships.  

Overall thermal efficiency can also be increased by combining two or more dif-
ferent thermal systems. This approach is commonly used in combined cycle power 
stations, where the waste heat in the exhaust of a gas turbine is used to power a 
steam driven turbine operating on a Rankine cycle. (A Rankine cycle consists of a 
boiler which supplies steam to power a turbine connected to an electrical genera-
tor. After being used in the turbine, excess steam is converted to liquid in a con-
denser so that it can be returned to the boiler via a pump, see Figure 7.1.) Further 
benefit could be obtained by making use of the waste heat from the Rankine cycle 
to provide a heat source for industry as in a combined heat and power (CHP) sys-
tem. In essence, the greater the difference between the peak temperature of the 
thermal system and its exhaust, the greater the thermal efficiency.  

System efficiencies for non-thermal energy systems such as hydroelectric 
dams, wind turbines and solar cells – like their thermal counterparts – all depend 
on the nature of the energy conversion process. In the case of hydroelectricity and 
wind turbines, efficiency is limited by the energy contained in the water or air 
which must exit the system for it to operate. Efficiency also depends on such fac-
tors as the hydrodynamic and aerodynamic efficiency of the turbine blades, and in 
the case of hydro systems, water pressure losses. The maximum possible effi-
ciency of a wind turbine is around 60 %, but in practice actual maximum values 
are nearer 40–45 % [29]. For solar PV cells, efficiency is a complex function of 
the cell thermodynamic efficiency, recombination losses and resistive electrical 
losses, which in turn depend on the cell design and material used [54]. 
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Figure 7.1 Combined cycle, combined heat and power (CHP) electricity generation. Also shown 
are options for gasification of solid fuels and CO2 capture  

We can also speak of other efficiencies such as mechanical, transmission, and 
propulsive efficiency. Ultimately, the overall efficiency of an energy conversion 
system is the product of all the individual efficiencies that result from the complex 
processes that convert the input energy into useful work, or power. In the case of a 
motor car or aircraft, this involves converting the chemical energy of the liquid 
fuel into movement, and for a thermal power station, converting the chemical en-
ergy bound in the coal or gas into electricity. The point at which we measure the 



128 7 Engineering for Greater Energy Efficiency 

useful work thus becomes important; in the case of the power station we might in-
clude in the calculation of efficiency, energy lost during transmission via the elec-
trical grid to, for example, the home or even an appliance such as a light bulb. Al-
ternatively, we might limit it to the output from the power station itself.  

Wherever we measure the output energy of the system, the sum of the individ-
ual losses can be significant. As noted above, when measured at the wheels of a 
motor car rather than at the engine, overall efficiency can be as low as 15–20 %. If 
we regard only the energy required to move the occupants in the vehicle as useful 
output, the calculated efficiency would be much lower. The definition of what is 
useful must therefore be considered if any insight is to be gained from discussions 
of efficiency. For all transport systems, increasing efficiency inevitably means us-
ing more of the energy bound in the fuel to move people or freight rather than to 
move the vehicle and overcome losses. 

Because of the primacy of the task, rather than use an energy ratio for effi-
ciency, we often measure the use of energy by how much of the task can be done 
per unit energy input. In the case of a motor car this becomes the distance trav-
elled per unit energy or fuel volume input (since each fuel has a particular amount 
of energy per unit volume). For a light bulb this becomes the ratio of the luminos-
ity produced per unit of energy input. When expressed in this manner, increasing 
the output of the task per unit energy input is equivalent to increasing overall sys-
tem efficiency. 

But the question of efficiency is more than just a technical one. Is it more effi-
cient for ten people to read by the light of one light bulb, rather than each person 
reading by a separate light bulb, no matter how efficient the light bulb is? We ar-
gue that it is, and so this aspect of efficiency also needs to be captured. When the 
broader aspects of energy use are included in a discussion of efficiency, we de-
scribe this as ‘social efficiency’; when related to an engineering-based measure 
usually linked to a device we use the term ‘technical efficiency’. We define ‘social 
efficiency’ as a measure of the social benefit from a given energy use. (See Chap-
ter 10). Maximising social efficiency requires not only increasing social benefit, 
but minimising damage to the environment as well. Social efficiency goes beyond 
the engineering energy efficiency discussed in this chapter, in not necessarily tak-
ing for granted the present intensity of use of existing energy-consuming devices 
[34]. 

7.3 Transport 

Passenger and freight transport were together responsible for about 23 % of en-
ergy-related CO2 emissions in 2004, making transport an important sector for effi-
ciency improvement. Both the transport task and energy used are growing rapidly 
[24]. The breakdown in energy use between the various transport modes is shown 
in Table 7.1, with passenger travel accounting for roughly 60 %. Road transport 
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accounts for over 77 % of all transport energy. Since GHG emissions from trans-
port are overwhelmingly CO2 from combustion, transport’s share of GHG emis-
sions are very similar to its share of energy use. Improving the energy efficiency 
of transport, or transport efficiency, can potentially help ameliorate not only 
global climate change, but also transport-related air pollution and global oil deple-
tion, and improve oil supply security. 

Energy efficiency in the early decades of private passenger transport in the US 
was mainly seen as a simple matter of comparing ‘miles per gallon’ for different 
cars. But partly as a result of the oil crises in the 1970s, interest arose in compar-
ing different modes, both freight and passenger. Although buses use diesel, an-
other petroleum-based fuel, they have many more seats than cars, and so had to be 
compared with cars on the basis of passenger-km per litre, or seat-km per litre. 
With electric powered vehicles, a further refinement was necessary because they 
are not propelled by oil-based fuels.  

Table 7.1 World transport energy use in 2000, by mode  

Mode Energy use (EJ) Share (%) 
Private passenger vehicles 35.40 46.1 
Freight trucks 19.25 25.0 
Buses 4.76 6.2 
Rail 1.19 1.5 
Air 8.95 11.6 
Shipping 7.32 9.5 
Total 76.87 100.0 
Source: [24] 

Today, passenger modes, including air travel, are compared on the basis of pas-
senger-km per MJ of primary energy. Freight transport efficiency is measured in 
an analogous manner, with units of freight tonne-km/MJ of primary energy. This 
entire fuel cycle approach is called a ‘well-to-wheels’ energy analysis, as distinct 
from a ‘tank-to-wheels’ analysis, which does not include the energy for converting 
primary energy to electricity for traction, or that for producing, refining and trans-
porting oil-based fuels [52]. 

In general, transport efficiency for a given mode, whether passenger or freight, 
can be improved in three ways: 

• Increase the efficiency of conversion of primary energy to secondary energy, 
for example (primary) crude oil to (secondary) petrol; this can be termed the 
‘well-to-tank’ efficiency 

• Increase the vehicle efficiency, as measured by km/litre for road vehicles 
(‘tank-to-wheels’ efficiency) 

• Increase the occupancy rate for passenger vehicles by filling a higher propor-
tion of the seats, or using a higher proportion of vehicle carrying capacity for 
freight vehicles. 



130 7 Engineering for Greater Energy Efficiency 

The first approach, improving the efficiency of primary to secondary energy 
conversion, will be treated in Section 7.5. For improving ‘GHG efficiency’ (for 
example, passenger-km/kg CO2-e), a further approach is possible: use low net car-
bon alternatives to fossil fuels, either for generating electric power, or directly for 
powering vehicles, such as biomass-derived ethanol. Chapter 5 discussed the vari-
ous options available, and the probable time frames for implementation. 

Two general approaches are available to us for increasing vehicle tank-to-
wheels efficiency, and both have been the subject of many decades of research and 
improvements for all transport vehicles. The first is to raise the efficiency of the 
vehicle’s engine, be it a car or truck internal combustion engine, or the jet engine 
in a plane. For private passenger vehicles, the potential is considerable. For freight 
vehicles – road, rail or sea – it is much less, because large diesel-powered vehicles 
are already relatively efficient. Large trucks already have intercooled turbo-
charged diesel engines, and, if in fleets, are usually well-maintained. Possible effi-
ciency improvements for large buses should be similar to that for freight vehicles 
[35].  

Added to these are improvements to the vehicle’s drive train, or transmission. 
Manual transmissions have generally yielded greater transmission efficiencies 
than automatic transmissions, although recent advances have seen the gap shrink 
and in some applications, automatics may even have better performance. The on-
going development of continually variable transmission systems might, through 
better matching of engine output to vehicle speed, ultimately provide even better 
overall efficiency. Some vehicle manufactures have claimed to have succeeded in 
achieving up to a 20 % increase in ‘miles per gallon’ though these systems [16]. 

The second is to reduce the ‘road load’, which, along with auxiliary power con-
sumption, accounts for a vehicle’s total fuel consumption. For road vehicles it is 
the sum of air resistance, rolling resistance, and inertial resistance. Analogous 
terms can be applied to air and sea transport. For road vehicles, air resistance is 
more important at speeds typically over 60 kph, and can be cut by better attention 
to aerodynamic design – and by travelling at lower speeds. For trucks, rolling re-
sistance can be the largest component even up to highway speeds, if loads are 
large. For cars it becomes more important at speeds typically less than 60 kph. In 
both cases, it can be lowered by improved tyre design and high tyre pressures, but 
the latter may give poorer ride quality. The focus on road load has an important 
advantage over engine and transmission efficiency gains in that it will enhance 
overall vehicle efficiency regardless of which propulsive system is selected.  

Particularly for congested urban driving, inertial resistance – the energy needed 
for increasing the vehicle speed after stopping or slowing – accounts for most fuel 
consumption. With electric drive, it is possible to convert much of the vehicle’s 
kinetic energy presently lost in braking into electrical energy for storage in a bat-
tery (regenerative braking). This energy can then be converted back to electricity 
for powering the electric drive motor. A variety of possible vehicle propulsion 
systems have electric drive: electric trains and trams; fuel-cell vehicles, perhaps 
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with hydrogen as fuel; grid-powered battery electric vehicles; conventionally-
fuelled hybrid electric vehicles; and the current favourite for the power system of 
the future, plug-in hybrids.  

For electric trains and trams, nearly all propulsive electricity use results from 
inertial resistance. Capturing this energy by regenerative braking would deliver 
major efficiency gains, depending on the receptivity of the electrical grid to the 
electric power that would need to be fed back to the grid. Lowering the mass of all 
surface transport vehicles results in linearly proportional cuts in both rolling and 
inertial resistance, with the potential for reductions in mass larger for fixed-rail 
trams and trains than for road vehicles. Cutting the mass of vehicles without com-
promising safety is important, but it will lower vehicle inertia, and so also lower 
the potential energy savings from regenerative braking. 

For private vehicles, only hybrid electric vehicles are used in significant num-
bers. Introduced in 1997 by Toyota with their popular Prius model, they are now 
being either manufactured or developed by most major car companies. Cumulative 
hybrid sales in the US from January 2004 to April 2009 were about 1.25 million, 
or some 0.9 % of the total personal vehicle fleet. Their sales in the US have been 
badly hit by the economic crisis, and the resulting down-turn in petrol prices [17]. 

What overall efficiency gains are possible by combining both general ap-
proaches? Hybrid vehicles enable both road load reductions and drive-train effi-
ciency improvements. Hybrid cars can achieve overall efficiencies up to 60 % 
higher than an equivalent petrol-fuelled vehicle – at least for urban driving [2]. 
These gains result not only from regenerative braking; engine idling is eliminated, 
and performance can be maintained with a smaller (and lighter) conventional en-
gine which can be run closer to full-load conditions. Raising the fuel efficiency of 
a country’s entire vehicle fleet to its full potential would take many years to 
achieve because of the relatively long life of vehicles.  

A review of recent literature suggests that a doubling of car fleet fuel efficiency 
might be possible by 2030, and a trebling by 2050, if efficiency is vigorously pur-
sued [35]. For heavy freight trucks, a 50 % fleet efficiency improvement might be 
possible by 2050, and for buses and trains (both passenger and freight), perhaps a 
doubling [2]. For air and ship transport, only much smaller potential gains seem 
possible [24, 36]. 

At present it does not look as though these potential gains will be achieved in 
the time frame given. According to Woodcock and colleagues (2007), Ford motor 
cars produced in the US today are no more efficient than the T-model Fords pro-
duced in the 1920s. In Australia, car fleet fuel efficiency showed no improvement 
over the years 1985 to 2005 [33]. One reason why overall gains in car fuel effi-
ciency are so hard to achieve is that the gains made in engine efficiency (in terms 
of engine power per unit fuel energy) are offset by the rising expectations of mo-
torists for more accessories (air conditioning, power steering, on-board entertain-
ment systems), increasing vehicle safety and for larger and higher-performance 
vehicles [35]. Unless these expectations are changed, it will be difficult to achieve 
much progress in overall fleet efficiency.  
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An alternative means of improving transport efficiency is to raise loadings on 
vehicles. For private car travel in the high-mobility countries of the OECD, occu-
pancy rates have been in decline for decades. In the 1950s in the US and Australia, 
average occupancies were as high as two persons per car, but today are around 
1.3. Since cars typically have five seats, the scope for increased loading is evident 
[35, 36]. Turning this potential into higher occupancy rates has proved very diffi-
cult. Loadings have fallen because of the coming together of several factors. Real 
incomes have risen, enabling more cars per household. At the same time, house-
hold sizes have steadily fallen in recent decades, both because of smaller com-
pleted family sizes and rising incomes. Since most passengers carried are family 
members, occupancy has fallen.  

Attempts to reverse this decline have had limited success, and have had no dis-
cernible effect on stemming downward national occupancy rates. A Californian 
program to raise commuter occupancy rates (which are usually the lowest of any 
trip purpose), had the unanticipated effect of lowering bus patronage. Private high-
occupancy vehicles (HOV) were allowed to use the faster HOV lane along with 
buses, so former bus patrons were given rides by motorists wishing to qualify for 
the HOV lane [18]. Even if a permanent shift had been achieved, it may not have 
significantly reduced car fuel. Combining trips is an important means of reducing 
travel, but car-pooling makes this option more difficult [35]. Also, if passengers 
are from other households, or if destinations vary for different occupants, the trips 
may become more circuitous, increasing total vehicle-km. 

Public transport loadings have likewise fallen over the past decades, but 
whereas car occupancy rates have fallen with rising car travel, the reverse is true 
for public transport. The extensive tram network in Melbourne, Australia, can 
serve as an illustration. In 1960, trams carried 148 million passengers at an aver-
age loading of 24.6. By 1980, total patronage had fallen to 100 million, and the 
occupancy rate to 18.3 per tram [37].  

As patronage falls, operators try to maintain service levels to stop further pa-
tronage losses, resulting in falling occupancy rates. But when patronage rises, as 
seems to be happening today in most OECD countries, and perhaps elsewhere, lo-
adings are also rising in step. The main reason is that operators first accommodate 
the rise in passengers on existing services, and only add services as these near ca-
pacity. In the overall under-utilised systems found in much of urban Australia, a 
doubling of public transport vehicle loadings may even be possible [33]. For air 
travel, loadings are already high – often 70–80 %, and little further increase is pos-
sible [36]. 

The same method can also be used to improve freight efficiency, by higher 
utilisation of vehicle carrying capacity. The potential for greater load utilisation is 
usually much less than for passenger vehicles – whether public or private – be-
cause the payload to tare weight ratio is already much higher. Simply put, goods 
can be – and already are – packed more closely together than people. There may 
be some scope for improving return loadings for general freight vehicles, but this 
option is not usually possible for specialised bulk carriers, such as oil or LNG 
tankers. Specialist freight transport vehicles allow greater convenience, reduce 
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times for loading and unloading, and are more economical, but usually rule out the 
possibility of return loads.  

As well as raising vehicle efficiency and loadings for each freight and passen-
ger transport mode, another approach suggests itself. As we have shown elsewhere 
[36], different transport modes have very different transport efficiencies, with the 
variation far greater for freight modes. Ocean freight transport is almost two or-
ders of magnitude more efficient than air transport, although the goods carried are 
very different. Shifting passenger and freight transport to the most efficient modes 
is often canvassed as a means of reducing total energy use in the total passenger or 
freight transport system of a given country.  

For freight, the savings possible may not be large, since in most countries, bulk 
freight already moves by more efficient rail or sea transport. Conversely, it may 
not be feasible to shift much short-haul general freight to rail, as the relevant in-
frastructure may not exist, so that truck transport would often still be needed at 
one or even both ends of the rail haul. For passenger travel, although public trans-
port modes may only be two or three times as energy efficient as the car on a well-
to-wheels basis [36], the potential for energy savings may be much larger than this 
simple comparison of technical efficiencies would suggest, as we explain in Chap-
ter 10.  

7.4 Buildings and Their Equipment 

Buildings, both residential and commercial, account for almost a quarter of global 
CO2 emissions, and a similar share of primary energy use. This figure includes the 
energy losses and emissions in converting primary fuels like coal to the secondary 
fuels like electricity actually used in buildings. In the early years of the 21st cen-
tury, lighting, water heating, and space heating/cooling accounted for more than 
half of this total building energy use in both the USA and China [30].  

Whether passive solar energy (the use of sunlight without active mechanical 
systems) is regarded as a renewable energy source or as an energy efficiency 
measure, the potential energy savings possible from its use for buildings are very 
large. A Chinese study [27] found that passive solar energy could cut building en-
ergy needs by as much as a third for northern China. Passive solar energy can also 
help reduce the need for artificial lighting. However, it is not always easy to adapt 
existing buildings for its use. 

There is no shortage of new ideas for cutting the energy consumption of build-
ings and our domestic appliances. A report on new ‘green’ technologies under de-
velopment [19], described fridges with magnetic refrigeration which ‘subjects 
metal alloys to a magnetic field, causing them to cool down’. ‘Virtually waterless’ 
washing machines would save on both electricity and water, by using thousands of 
small polarised nylon beads which adhere to dirt and stains, and leave clothes dry. 
Quadruple-glazed windows could reduce heat losses by 75 % compared with the 
more conventional double-glazing, although their costs would also be higher. 
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Light-emitting diodes (LEDs) use only a fraction of the energy of even compact 
fluorescent bulbs. 

On the other hand, retrospective studies of buildings designed for energy-
efficiency have shown that often the planned savings greatly over-estimated those 
actually measured. For energy-efficient buildings in Sweden and the US, actual 
energy use was up to three times that predicted. At the Lewis Center at Oberlin 
College in the US, a design team estimated that energy use would be only about 
64 kWh/year. However, the actual energy use was measured to be in the range of 
120–200 kWh/year [26]. How people actually use the buildings is just as important 
as building design. 

Lighting is sometimes used to illustrate how technical efficiency progresses 
[45]. Lighting efficiency is expressed in lumens per watt; a paraffin candle only 
generates 0.1 lumen/watt. Incandescent globes have low efficiency because much 
of their output is in the infra-red part of the radiation spectrum, rather than the 
visible part – they are better at producing heat than light. Table 7.2 shows how a 
technology such as the incandescent globe, starting with Edison’s first lamp, was 
gradually improved over the years, until prospects for further improvements were 
marginal. A new technology, fluorescent lighting, was then developed for general 
space lighting, which steadily replaced the older one in most markets. LEDs could 
in turn supplant fluorescent lighting. If lighting serves as a general model for tech-
nical progress, efficiency savings would have great potential.  

Table 7.2 Efficiencies (lumen/watt) for different lighting technologies 

Lighting technology Year of introduction Lighting efficiency  
(lumen/watt) 

Edison’s first lamp 1878 1.6 
Acetelyne 1891 0.7 
Cellulose filament 1891 2.6 
Mercury arc 1899 14 
Tungsten filament 1905 10 
Inert gas fill 1911 20 
Sodium lamp 1927 20 
Mercury lamp 1934 41 
Fluorescent light 1940 57 
Gallium Arsenide diode 1960 176 
Source: [45] 

Efficiencies do not always rise in such a regular manner. Plasma TV screens 
consume about four times as much energy as that for traditional TV sets. This 
shows that we sometimes desire the new technology for its superior service, even 
if energy efficiency suffers. Although a 2008 IEA report [22] showed that the effi-
ciencies of large household appliances such as refrigerators and dishwashers gen-
erally rose over the period 1990 to 2005 for industrial countries as a group, the 
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power demand for each TV set on average first fell, then rose again, over this pe-
riod, presumably because of the introduction of plasma TV screens.  

It’s not even that plasma screens aren’t efficient in their own way; it’s merely 
that we’ve raised the bar on the standards of image we desire from TV screens. 
Alternatively, if we could correct TV energy consumption for picture quality, effi-
ciency would appear once again to rise in a regular manner. But it would then be-
come apparent that such efficiency gains would not help reduce overall energy use 
or GHG emissions. Conversely, many complain that the lighting quality from the 
newly-introduced (and more efficient) compact fluorescent globes is inferior to 
that from incandescent globes.  

Another reason for lower than expected energy efficiency gains is losses to 
standby power – the electricity that electrical appliances consume even when they 
are either switched off or not performing their desired function. Such power use is 
rising in OECD countries as a share of total electricity use, and could already be 
3–10 % of the total home/office electricity use [28]. Globally, the high growth in 
domestic appliances and IT equipment will lead to further energy consumption from 
this source. Again, efficiency is compromised for convenience of equipment use.  

Total energy use by any one type of domestic equipment is a product of the an-
nual average energy use of each appliance and the numbers of such appliances. 
Improving efficiency in terms of energy use per hour of operation will thus be off-
set by any rise in annual hours of operation of a given appliance, or by any rise in 
their total numbers. Further growth of domestic energy will occur if space heating 
and cooling requirements rise because of increased size of dwellings, or if new en-
ergy-consuming appliances, perhaps still waiting development, are adopted by 
most households. And since much of the power used by these appliances ends up 
as heat, there will be additional requirements for cooling in warm climates (but 
lower heating demand in cooler climates). 

In OECD countries, the last few decades have seen both falling household size 
combined with both rising house area and number of rooms per house. Even in 
densely-populated Japan, average dwelling floor area rose from 80.38 m2 in 1978 
to 94.9 m2 in 2003. Over the period 1975 to 2005, however, average household 
size declined continuously from 3.28 to 2.55, so that the average dwelling space 
per resident rose even more [46]. This increase, and similar increases in other 
OECD countries such as Australia and the US [4, 49], in turn result in higher 
space heating and cooling energy needs. The level of comfort demanded may also 
rise: in the US in 1978, only 56 % of households had cooling systems, mostly 
small window units. But by the late 1990s, not only had the proportion of US 
households with air conditioners risen to about 75 %, but nearly half were large 
central systems [56]. 

Similar rises in both the numbers of appliances per household, and often their 
size, and with it domestic electricity consumption, can be found in the other 
OECD countries as well. Personal computers did not exist before the mid-1970s, 
but now they are on nearly every office desk in commercial offices and increas-
ingly in homes as well. The servers required for the Internet are themselves large 
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energy users, and their energy consumption is projected to continue its rise as 
more households and businesses connect to the Internet. The parallel rise in print-
ers has led to greatly increased paper consumption as well. 

When we look outside the OECD countries, the hope that the potential efficiency 
gains for individual appliances can lead to significant cuts in either energy use or 
GHG emissions seems even less realistic. Different countries have very large dif-
ferences in domestic equipment ownership – in fact in many countries today, espe-
cially those of tropical Africa, only a minority of the population have access to 
mains electricity. The Worldwatch Institute [56] report that in the early 1980s, less 
than 5 % of Chinese households owned either a refrigerator or a clothes washer. Yet 
by the early 2000s, 65 % owned a refrigerator and 90 % a washing machine. This 
trend to rising appliance ownership (and thus electricity consumption) will be re-
peated in other industrialising countries if their incomes grow as projected.  

7.5 Energy Conversion 

About one third of the world’s fossil fuel primary energy consumption is presently 
used in power stations for conversion into electricity, as is presently all energy 
from nuclear fuels [23]. For fossil fuel power stations, a recent survey examined 
efficiencies in various OECD countries plus China and India, countries which to-
gether accounted for most of the world’s fossil fuel power output. The survey 
found that the average conversion efficiencies in these countries were only 35 %, 
45 %, and 38 %, compared with best practice efficiencies of 42 %, 52 % and 45 %, 
for coal, gas, and oil power plants respectively [15]. Most of input energy was 
therefore released as waste heat. Socolow and Pacala [44] have suggested that for 
coal-fired power plants, efficiencies could be raised as high as 60 %. 

The efficiency of fossil fuel plant electricity production has risen greatly over 
the past century, which is not surprising given that fuel inputs are a large share of 
operating costs. Surely the goal is simple: try to further improve the efficiency of 
electricity conversion, transmission and distribution? Approaches could include 
more use of the much more efficient combined cycle systems for electricity gen-
eration (Fig. 7.1), and higher voltage transmission lines to cut transmission power 
losses, perhaps even using super-conducting cables.  

But maximising the efficiency of electric power production and distribution 
from thermal plants (whether carbon-based or nuclear fuelled) is an example of 
sub-optimisation. The more general aim should be to try minimise primary energy 
use in the economy overall. System efficiency could be greatly enhanced if plants 
were optimised for CHP, rather than just electricity. Although up-take will be lim-
ited by demand, the heat could be used by households in cold climates, or by in-
dustries needing process heat.  

Robert Ayres and his co-workers [5] have pointed out that the system effi-
ciency of power stations was often higher in the US in the early years of the 20th 
century than it is today. Then, utility companies used small power plants located 
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in urban areas close to their consumers. Electrical conversion efficiencies were 
very low by modern standards, but because they sold heat as well, they could 
achieve combined efficiencies of over 50 %. Much of the progress in technical ef-
ficiency has been at the expense of efficiency at a larger scale. CHP systems are 
also a possibility for thermal RE electricity (biomass, geothermal, solar thermal), 
and they are already common in the Nordic countries, often based on small bio-
mass-fired plants [32]. 

Transmission losses can also be important, even at the high voltages used to-
day. They may even reach as high as 25 % in the US today at peak demand peri-
ods, because of over-loading of the lines [5]. This waste has lead to suggestions 
for distributed power systems, with the aim of both allowing use of the rejected 
heat from thermal power plants, and of reducing transmission/distribution losses 
by locating small power sources close to the point of demand [1]. On the other 
hand, as we saw in Chapter 5, many RE researchers are arguing for ever-larger 
grids and transmission systems, even global ones, in order to reduce the variability 
of power supply from intermittent RE sources. 

What about the efficiency of conversion of petroleum into transport fuels – pet-
rol, diesel and aviation turbine fuel? At present, average conversion efficiencies 
for crude oil into transport fuels are between 80 % and 90 %, depending on the 
fuel [52]. The IEA report on efficiency [22] considered that the scope for further 
gains in the global ‘chemical and petrochemical industry’ were small – only about 
22 %, based on 2005 data. 

The projected gains in tank-to-wheel efficiency for all vehicular transport, pas-
senger and freight (discussed in Section 7.3), will be at least partly offset by de-
clining efficiency in the other part of overall efficiency for transport, that for get-
ting the petroleum fuel from the well to the petrol tank. The energy costs of 
getting a litre of fuel to a vehicle’s tank will most likely continue to rise steadily in 
the future, as it has in recent decades [14]. In Section 3.3, we concluded that oil in 
future will increasingly come from unconventional sources: remote polar fields, 
deep water, tar sands and heavy oil. All these sources, particularly the last two, re-
quire much more energy input per litre of fuel in the tank.  

7.6 Obstacles to Energy Savings from Energy Efficiency  

Compared with the development of alternatives to carbon-based fossil fuels, en-
ergy efficiency appears to offer both large energy and emissions savings at often 
low or even negative costs [6, 7]. Time frames for implementation of energy effi-
ciency measures are often much less as well. Some barriers to higher efficiency 
have already been indicated. Here we look more closely at the several reasons why 
actual savings will be much smaller than a narrow technical focus would indicate. 

The different policies for energy efficiency improvement can be in conflict, just 
as energy efficiency overall can conflict with the different methods for mitigating 
global climate change or saving energy. Even more broadly, energy efficiency can 
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conflict with other important environmental or human needs. An example of the 
latter is building thermal efficiency. If to reduce heat losses, the air is turned over 
too infrequently, indoor air quality may deteriorate (for example radon levels 
might rise), and more mould may be formed on interior walls in damp climates.  

For transport, we have already mentioned how high mandated car occupancy 
rates can hinder the combining of discrete trips as a means of cutting vehicle-km. 
In addition, if we shift away from cars to alternative transport, car manufacturing 
production and sales may be insufficient to support the development costs for hy-
drogen fuel cell vehicles, plug-in hybrid cars, or even improved internal combus-
tion engine vehicles. On the other hand, production of public transport vehicles 
would rise, enabling innovation in design to occur more rapidly.  

Thermal power station efficiencies can only be improved significantly if new 
power plants are built, as there is limited scope for retrofitting. New power plants 
are also required if CHP schemes are to be implemented on a wide scale. Indeed, 
the IPCC 2007 report [43] demonstrated that efficiency gains depend heavily on 
both replacing existing fossil fuel plants and a world-wide expansion of generating 
capacity. But if energy efficiency measures leading to deep cuts in power con-
sumption are favoured over new fossil fuel capacity, few new fossil fuel power 
plants will be built, and inefficient existing plants will be retained for back-up ca-
pacity. After all, power plants can have useful lives of 50 years or more. (The 
same outcome – fewer fossil fuel power stations built – results if renewable en-
ergy replaces new fossil fuel electricity capacity.)  

Even if significant efficiency gains are made for most energy-consuming equip-
ment, they do not necessarily translate into overall energy savings. The concept of 
energy rebound can be traced back to Jervons in the 19th century. In recent years it is 
again receiving much attention from energy economists. Energy rebound is the off-
setting energy consumption that occurs as a result of an energy efficiency improve-
ment. Efficiency improvement cuts the costs of using an energy-consuming device 
(such as an electric light), so more lighting will result. What can also happen is that 
lighting becomes cheap enough to be used for a new function, as exemplified by the 
rise of security lighting. These offsets to projected energy savings will depend on 
factors such as the demand elasticity for the product and the efficiency gains.  

Economy-wide effects also occur because consumers now have more money to 
spend on other goods, which also require energy for their production and use [11]. 
Energy efficiency improvements mean less effort for consumers in saving energy, 
which helps promote their introduction [38]. These automatic savings are benefi-
cial in one sense, but active cooperation by householders is needed if deep econ-
omy-wide energy savings are to occur, as we discuss in Chapter 10. The rebound 
effect can be large: 2007 IPCC lead author Terry Barker claimed that energy re-
bound effects could halve the benefits from the energy efficiency gains forecast by 
the IEA for the year 2030 [3]. 

Energy savings (and the rebound effect) can only operate if consumers and busi-
nesses do in fact adopt the energy-efficient equipment. But several factors operate to 
hinder this uptake. The payback time may be too long for households, who typically 
require times of three years or less. The initial purchase cost may represent more of a 
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problem for low-income households than paying somewhat higher fuel bills per 
quarter. Renters of residential dwellings may have little incentive to reduce building 
energy costs, and this can also be an issue for the commercial sector. In general, if 
energy costs for a given commercial sector are low, higher energy costs and informa-
tion about energy efficiency are not likely to produce much change [41].  

Full information about a new energy efficient device or system is rarely avail-
able. Costs may be higher – or lower – than expected. Similarly, costs or benefits 
may only be known with more accuracy by a company or household when they 
have gained more operating experience. Tom Tietenberg [47] concluded that for 
energy efficiency improvements in general ‘The evidence presented here also 
seems to suggest that the challenge of breaking down the barriers to increased in-
vestments in energy efficiency is more difficult than previously thought.’ Thomas 
Dietz and colleagues [10] have shown in detail why this is the case for household 
energy savings. The paperwork burdens for the consumer of an energy saving 
measure may be excessive, and rebate payments may be delayed for up to a year. 
Simple market-based approaches will probably not be enough to produce more 
than minor overall energy savings. 

For transport vehicles, future cost savings from, say, purchasing a more effi-
cient hybrid car or small-size car depend heavily on future petroleum fuel costs, 
which can fluctuate wildly, as they have in recent years. Future savings in fuel 
costs are thus impossible to calculate. New car buyers may accordingly be wary of 
the claims made for money savings. The structure of motoring costs, with high 
fixed costs but relatively low operating costs such as for petrol, may similarly 
work against the purchase of energy efficient vehicles. Smaller vehicles are more 
energy efficient than larger ones, but motorists may purchase a new vehicle based 
on maximum capacity needs (for luggage and seating capacity for the family holi-
day) rather than the average loading.  

Private transport vehicles are very different from domestic appliances such as 
refrigerators or washing machines in several ways. Both the ownership and driv-
ing of cars confer psychological benefits, including the thrill of speed and accel-
eration. Further, motorists don’t merely use their vehicles; they also occupy them, 
often for several hours each day, so that comfort and safety are vitally important 
[35]. All this means that for motorists, fuel efficiency is only one of a large variety 
of factors that are important in choosing a vehicle. Others include vehicle comfort 
in both hot and cold climates, reliability, performance, safety, adequate provision 
for both passengers and luggage, and presence of in-vehicle entertainment, naviga-
tion and information systems. Merely improving fuel efficiency is, on its own, 
unlikely to influence motorists much in their choice of purchase.  

Bus companies may operate a given service with a larger bus than is usually 
needed, simply because they do not have another smaller bus available at that 
time. Industries may find that continuing with inefficient equipment is cheaper 
than purchasing the new, more efficient plant. All these factors lower the uptake 
of new energy-efficient devices and systems. Similarly, carbon prices on the 
Emissions Trading Scheme in the EU have been too low and too variable to make 
much difference [42]. 
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7.7 Energy Efficiency in a Wider Context 

At first glance, the potential for energy efficiency gains in all sectors of the econ-
omy is large, and can often be implemented with readily available technologies 
with low or even negative costs. Efficiency thus appears to offer a marked contrast 
to RE or nuclear energy solutions to climate mitigation. However, we may have 
misread the historical record on technical energy efficiency. Although we have 
seen that in some cases, such as for lighting, efficiency (in terms of lumen per 
watt) has steadily improved over time because of technology advances, shifts of 
this type either don’t always happen, or were later reversed. Here we broaden our 
discussion on energy efficiency, highlighting some important cases where effi-
ciency gains were erratic, and suggesting reasons for this. 

The progressive shifts from walking to public transport, to car travel, to air 
travel has been one of steady efficiency decline, even if there were internal im-
provements within each vehicular travel mode, especially for passenger aircraft. 
Jet aircraft fuel consumption in terms of litre/seat-km has fallen by over 70 % 
since the 1950s, with about half coming from better engine design, and half from 
innovation in air frame design. It also seems to be the case that improvements in 
air travel efficiency have only come about because of greatly expanded air travel 
overall. Whenever air travel contracts, the seat occupancy rate, and so fuel effi-
ciency, falls [36]. The desire for superior service – in this case rising travel speeds 
– has led us to reject the more energy efficient transport modes.  

For private cars, convenience may easily outweigh any advantages from more 
energy efficient systems. This is the case for the preference of the car over public 
transport, but it can also explain why internal combustion (IC) engine technology 
won out over both the steam car and the electric car. With the development of the 
electric starter motor, IC cars were easier and faster to start than steam cars, and 
had a greater range than battery electric vehicles. Once the IC engine became the 
standard, it was very difficult for rival technologies to challenge it again. En-
trenched technologies also benefit from ongoing development, while development 
of alternative technologies tends to stall. For electric drive, it has taken nearly a 
century to mount a fresh challenge to the entrenched IC engine. 

Similar arguments can be made for other sectors. For agriculture, modern farm-
ing has usually improved output per hectare, but compared with traditional agri-
culture, energy efficiency has fallen [21]. (When processing, packaging and distri-
bution are considered, the total energy inputs to our food often now exceed their 
calorific energy output.) Fertile land carries an actual or imputed rental cost, so 
maximising output per hectare may be more important to the farmer than maxi-
mising energy efficiency. The rise of bottled drinking water is yet another instance 
of an energy efficient system (reticulated water) being partly replaced by an en-
ergy-intensive one. Similar comments apply to carbonated beverages.  

For process industries such as aluminium smelting, efficiency can often be im-
proved by slowing down the process rate – the slower a process is performed, the 
higher the efficiency. ‘Haste makes waste’ is also true for energy efficiency, as the 
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late Alvin Weinberg pointed out [51]. But the low output per day and per area of 
plant floor space may make the process uneconomic.  

Proponents of energy efficiency often acknowledge that energy use continues 
to grow overall [8], but say that energy efficiency gains mean that total energy use 
is lower than it would otherwise have been. This is true only if we assume that no 
feedback effects occur. Energy rebound is one such feedback, but an even more 
important one arises in a world in which the high consumption patterns of a mi-
nority of the world’s population serve as a consumption model for all the rest.  

And this is what appears to be happening: the widespread adoption of TV, 
computers, air conditioning, private car ownership and air travel in the OECD 
countries is being followed some decades later by other countries. Given the gap 
in ownership levels still present between rich and poor countries, and the possibil-
ity of new, perhaps yet-to-be-invented, energy-consumptive appliances attaining 
mass-consumption status in the OECD, efficiency improvements might simply 
prevent us from searching for new ways to satisfy our human needs. As Peter 
Drucker noted ‘There is nothing so useless as doing efficiently that which should 
not be done at all’ [12]. In other words, in a business-as-usual world, efficiency 
gains may be an obstacle to ecological sustainability, a point also made forcefully 
by William Rees [40]. We discuss this vital point in detail in Chapter 10. 

In summary, energy efficiency is but one of a number of efficiency measures 
valued by industrial societies. Other valued efficiency measures include travel 
time efficiency (which is simply travel speed), and the productivity of land, capi-
tal, and labour. These can all potentially be in conflict with energy efficiency. Sig-
nificantly improving energy efficiency requires that we downplay these other effi-
ciency measures, which suggests that energy costs will need to feature far more 
prominently in investment and production decisions. We may indeed need to take 
this step, but this in turn requires a rethinking of our economies. 
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Chapter 8  
Getting Rid of Atmospheric Carbon: 
Sequestration and Air Capture 

8.1 Introduction 

The previous three chapters have examined ways of not only making more energy 
available for economic uses, but also of helping us reduce GHG emissions. Car-
bon sequestration can only act to reduce CO2 atmospheric concentrations; it does 
not help solve our energy problems, and, as we shall see, may even add to them. 
Several sequestration approaches are possible, but an important division is be-
tween those that capture CO2 from the combustion of fossil fuels in large plants 
such as power stations, followed by underground sequestration, and those that 
capture CO2 directly from the air. Carbon sequestration in forests, soils or in ocean 
plankton, and mechanical air capture are of this type.  

The advantages of the latter type are twofold. First, potentially all the contribu-
tions from GHGs to global climate change, not just CO2 from large fossil fuel 
plants, can be counteracted. CO2 from all fossil fuel combustion is only about 
57 % of all CO2-e emissions from all sources [2]. Second, any country can poten-
tially capture CO2 emitted by other countries (perhaps for a fee), and, further, it is 
possible to capture past emissions. Air capture would potentially allow OECD 
countries to mop up their past emissions, or to capture emissions from industrialis-
ing countries. (Actually, these different sources cannot be distingushed from each 
other.) Third, in principle, its proponents can argue, carbon sequestration could be 
delayed until techniques for both mechanical capture and sequestration were better 
developed, or the need was better established.  
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8.2 Carbon Sequestration in Soils and Forests 

The Earth’s forests and soils already contain enormous reservoirs of carbon. Soils 
contain an estimated 1,580 gigatonnes of carbon (GtC), and all biota, predomi-
nantly trees, another 610 GtC, compared with 860 GtC in the atmosphere. See 
Figure 2.2 for the Earth’s carbon cycle. Even a small percentage rise in soil or 
forest carbon storage would have a significant effect on atmospheric carbon con-
centrations. Both soils and forests have lost carbon to the atmosphere in recent 
centuries; soil loss is estimated at around 50 GtC, and forest loss perhaps 
150 GtC, for a total of 200 GtC for land use changes [15, 20]. Carbon sequestra-
tion in forests and soils would merely partially reverse the losses of recent centu-
ries, and so appears ‘natural’. 

 

Figure 8.1 Schematic diagram of carbon capture and sequestration options 

Although net loss of carbon from forests is still occuring, the heavy losses 
thought to occur in tropical forests are partly compensated by gains in other for-
ests, particularly in the temperate and boreal regions, from both reforestation and 
CO2 fertilisation. This explains why sequestration in biomass is said to provide a 
net sink for about 25 % of all anthropogenic CO2 releases [36]. It might be thought 
that tropical regions can simply emulate the example of this forest growth in the 
wealthy nations located in temperate regions. However, tropical forests supply 
quantities of timber to the temperate countries; forests in temperate lands are, at 
least in part, preserved by the destruction of tropical forests. Fortunately, the 
world’s soils no longer appear to be losing carbon overall [2]. 
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Lal [20] believed that it might be possible to store of the order of one GtC an-
nually in agricultural soils alone by changes to agricultural practices. With a 
global total of around 8 GtC released annually from all sources, one GtC would be 
a significant mitigation policy. The 2007 IPCC report [2] was similarly optimistic. 
Others are sceptical of this figure. Schlesinger [38] pointed out that there are car-
bon costs in increasing soil organic matter (and thus carbon) by practices such as 
conservation tillage and revegetating abandoned agricultural lands, because of in-
creased demands for fertiliser and water.  

From an Earth Systems Science viewpoint, Ridgewell and his co-workers [33] 
have pointed out a possible side-effect of effective soil carbon sequestration. The 
world’s oceans are fertilised by wind-blown dust from eroded soils. Increases in 
soil carbon imply reduced soil erosion, so carbon fixation in the ocean would de-
crease, partly off-setting the benefits from enhanced soil carbon. Even though they 
calculated the reduced ocean uptake as being only about 0.02–0.07 GtC annually, 
it again underlines the importance of analysing global changes using an integrated 
Earth System framework. 

Other conflicts are possible. Bioenergy supporters see agricultural and forestry 
wastes as important for bioenergy production [25, 26], particularly as the limits of 
food-based biomass feedstocks are reached. These residues cannot be used for 
both biofuels and soil carbon enhancement; doing so would be double-counting 
the mitigation potential of biomass residues.  

An interesting variant of soil carbon enhancement is ‘biochar’ burial. Biochar 
can be produced via traditional charcoal-making processes, or it can be made via a 
faster flash pyrolysis process if larger proportions of gases and less char are de-
sired. The non-condensable components of these gases can be used as fuels. As 
with conventional methods of soil carbon enhancement, there are conflicts over 
use of crop residue for biochar. Improvements to crop productivity are also 
claimed from biochar. Burying the char however, requires physical disturbance of 
the soil, which would be at odds with no-till farming, another approach to building 
up soil organic matter [22].  

Reijnders [32] noted that three issues are important for evaluating biochar:  

• its persistence in soils;  
• the effects of biochar on other types of soil carbon and the corresponding net 

emission of GHGs from the treated soils;  
• the emission of GHGs for all stages from seed production to biochar produc-

tion.  

(And we would add another: the toxicity of the char, particularly if waste bio-
mass is used.) There is uncertainty about each of these issues. Biochar may persist 
in soils over millennia, but its lifetime could also be as little as a century. Similar 
uncertainties attend the question of changes in soil nitrous oxide and methane up-
take. Finally, the lifecycle emissions from biochar production do not consider all 
the relevant factors involved in the biochar cycle. Reijnders concluded that bio-
char is at least superior to land-filling biomass (because of methane production) 
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and reforestation (because of risk of forest fires, insect outbreaks and drought), but 
its carbon sequestration benefits compared with bioenergy are still in doubt.  

As discussed in Chapter 2, even with our best efforts, further climate change is 
inevitable, given both the thermal inertia of the oceans and the world’s demon-
strated reluctance to abandon cheap fossil fuels – at least while they last. Any fur-
ther climate change is important for the future of afforestation and reforestation as 
carbon sequestration methods. Already, changes in the frequency of fire outbreaks 
and their intensity, and pest outbreaks are having adverse effects on the ability of 
forests to store carbon [36]. These stresses are expected to be exacerbated in the 
future, as temperatures (and human populations) continue to increase.  

As mentioned, CO2 fertilisation is presently having a positive effect on carbon 
stocks in forests, even if deforestation is reducing this overall sink for carbon. 
Several researchers have modelled the effects of continued climate change on the 
fate of carbon in soils and forests. After reviewing a number of studies employing 
coupled carbon cycle-climate models, Heimann and Reichstein [13] concluded 
that, globally, if the world continues to heat up, terrestrial ecosystems will eventu-
ally change from a sink to a source of carbon, and so will provide a positive am-
plifying feedback. The expected increase in respiration from both plant and soil 
heterotrophs as temperature rises is the main reason [24].  

Lowe and colleagues [21], also using a coupled model, examined how the size 
of both terrestrial and oceanic carbon sinks would vary over time. Their modelled 
CO2 emissions growth followed the IPCC Special Report on Emissions Scenarios 
(SRES) A2 scenario, but they then assumed emissions ceased at various years in 
the future: 2012, 2050 and 2100. They then calculated cumulative carbon uptake 
for the century following emissions cessation. For cessation of emissions at all 
three times, the oceans continued to be a net sink.  

But land changed from a sink in the 2012 cessation run, to an increasing source 
of carbon in 2050 and 2100 model runs. Only extra-tropical land vegetation contin-
ued to provide a sink after 2012 cessation; tropical soils and vegetation, and extra-
tropical soils all released net carbon to the atmosphere. Given the additional risks to 
land biomass vegetation storage from forest fires and insect outbreaks, it seems 
risky to rely on forests and soils for sequestration of fossil fuel emissions. We will 
be fortunate if we can stem further vegetation carbon losses to the atmosphere. 

8.3 Carbon Sequestration by Ocean Fertilisation 

A variant of sequestering carbon in forests is to fertilise selected regions of the 
world’s ocean with iron. The idea is simple; in many areas of the ocean, low levels 
of nutrient iron restrict growth in phytoplankton, the microscopic photosynthetic 
organisms which form the base of the ocean food pyramid. The low-iron areas in-
clude the equatorial and north Pacific, and the Southern Ocean. Adding iron in the 
form of finely ground haematite, the reasoning goes, will encourage plankton 
blooms, thereby increasing uptake of CO2 in the surface layers of the ocean and re-
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ducing atmospheric CO2 concentrations. In contrast, in the ocean waters off Aus-
tralia, nitrogen, rather than iron, is limiting plankton growth. Accordingly, there are 
plans to experiment with the addition of nitrogen-containing urea to these ocean 
waters [44].  

The costs look promising, with iron fertilisation costs estimated to be as low as 
US$ 4 per tonne of CO2 sequestered. In contrast, CCS from coal power plants, 
discussed below, have costs estimated at US$ 50 per tonne for capture and storage 
combined. Some field experiments have been done or are being planned, some by 
commercial companies eager for carbon credits. These experiments do seem to in-
dicate that plankton blooms are augmented. The ocean ecosystem response to iron 
fertilisation seems to vary greatly from region to region, however [37].  

But producing plankton blooms is not enough. To reduce atmospheric CO2 lev-
els, the plankton must, at the end of its life, drift down to the ocean floor and be 
trapped there for thousands, or at least hundreds, of years. Several processes act to 
reduce the carbon being sequestered in this manner. First, much of the phytoplank-
ton would be eaten by predators as it slowly descends through the several thou-
sand metres of the water column. A large fraction of this consumed carbon will 
eventually finish up back in the atmosphere. Even most of the small fraction of 
carbon that makes it to the deep ocean would be consumed by predators or mi-
crobes, potentially returning to the atmosphere [44].  

Iron fertilisation’s potential problems do not stop there. The environmental 
risks could be significant, and, as is so often the case for proposed tech fixes, are 
not fully known. After all, the main purpose of the practice is to disrupt marine 
ecosystems. According to Strong and colleagues [41]:  

This shift at the base of the food web would propagate throughout the ocean ecosystem in 
unpredictable ways. Moreover, nutrients such as nitrogen and phosphorus would sink 
along with the carbon, altering biogeochemical and ecological relationships.  

The ocean waters in the fertilised area may become deoxygenated, and toxic 
blooms may increase. The possibility even exists that iron fertilisation would re-
sult in a rise in overall GHG production, partly because of increased production of 
methane and nitrous oxide. [2, 44]. Our conclusion is that iron fertilisation is both 
a risky and ineffective technology for lowering atmospheric CO2-e concentrations.  

8.4 Carbon Capture from Large Power Plants 

Discussions on mitigation increasingly include an important role for carbon cap-
ture and sequestration (CCS). A vital question concerns the time frame for its im-
plementation, as CCS may not be significant for mitigation for decades. For the 
concentrated CO2 streams from large fossil fuel plants (about 12 % CO2 for coal-
fired plants, around 300 times the atmospheric concentration), there is only one 
opportunity for capture, and that is before the CO2 is released and dispersed in the 
atmosphere.  



150 8 Getting Rid of Atmospheric Carbon: Sequestration and Air Capture 

Three separate stages are involved in CCS:  

• mechanical separation of CO2 at the power plant 
• transport to the sequestration site, presumably by a dedicated pipeline  
• storage in an underground geological reservoir, or perhaps in the deep ocean.  

The third stage is shared with air capture. Capturing carbon from large CO2 
sources such as fossil fuel power stations, oil refineries, and cement plants has an 
important advantage over air capture, discussed in the next section: the high con-
centration of CO2 in the exhaust gas stream greatly lowers the monetary (and en-
ergy) costs of collection. The capture of CO2 from the exhaust gases of transport 
vehicles has been examined by Damm and Federov [6]. Although CO2 concentra-
tion in exhausts from present vehicles (about 8–12 %) is simlar to coal power plant 
exhausts, the economic capture of CO2 from such small mobile sources would be 
difficult. The exhaust CO2 alone would weigh about three times the weight of the 
fuel, so together with its container, would both add to the vehicle weight and re-
duce space for luggage or passengers.  

It would also require complex technology on-board the vehicles to separate the 
gas from the other exhaust gases, particularly nitrogen which makes up over 70 %. 
If all the exhaust gas is collected, the exhaust mass-to-fuel ratio could be as high 
as 16. As a way of overcoming the problem of separation, or large on-board stor-
age needs, some have proposed replacing the air used to combust the fuel with 
oxygen stored in on-board tanks [3]. The exhaust, once freed of water, is predomi-
nantly CO2, which can be compressed and stored in a second tank. Although CO2 
collection is made easier and there are claimed gains in engine efficiency, such 
systems merely add to the weight, take up space, and require signficant new oxy-
gen supply infrastructure. 

A disadvantage of CCS compared with air capture is that if major emission 
sources alone are considered, it is possible to capture only a minor share of fossil 
fuel CO2 emissions, which are themselves only a little more than half of all CO2-e 
emissions. If we assume that in future it is possible to capture 40 % of fossil fuel 
emissions, we could only ever mitigate around 23 % of all CO2-e emissions by this 
method. Since both nuclear and renewable energy sources are also seen as at least 
partly replacing fossil fuel electric power generation, the mitigation potential from 
CCS could fall in future. By the time CCS could be ready for widespread imple-
mentation, it may be too late, there being fewer and fewer fossil fuel plants avail-
able for CO2 capture. The timing of CCS is vital. 

Several technologies are available for separating CO2 at fossil fuel combustion 
plants [12]. These can be divided into post-combustion and pre-combustion meth-
ods. The most technologically developed post-combustion method uses chemicals 
such as aqueous amine solutions to scrub the CO2 from the flue gas stream. After 
separating out the CO2, the amine is recycled for further absorption cycles. Amine 
absorption is already used for separating excess levels of CO2 from natural gas, but 
other chemicals are being researched in the hope of lowering monetary and energy 
costs [7]. This technology is the only one that can be readily retro-fitted to the thou-
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sands of existing fossil fuel plants. Even so, energy and monetary capture costs will 
be much higher compared with newly built plants optimised for carbon capture.  

A less-developed option for post-combustion capture is to burn the fuel in pure 
oxygen (a process known as oxy-combustion), so producing a flue gas stream very 
concentrated in CO2, similar to the oxy-combustion proposed for motor vehicles. 
The need for absorption is thereby avoided – as are emissions of polluting oxides 
of nitrogen. The only combustion products are CO2 and water vapour. A major 
drawback is the cost of separating out oxygen from natural air. A third approach, 
the pre-combustion method, would first gasify the coal into H2 and CO2, then 
separate out the CO2 – the gasifier needed for this was shown in Figure 7.1. An 
important advantage is that a range of fuels can be used in the one plant, and en-
ergy products other than electricity (hydrogen for example) can be produced [12]. 
As we discussed in Chapter 7, gas-fired power stations which combine a gas tur-
bine with a Rankine cycle are more efficient than those which only operate a 
Rankine cycle fired by pulverised coal combustion, so it is possible that such 
plants would be chosen in future, even without the potential CCS benefit [30]. 
Component reliability will need further improvement for this shift to happen.  

Yet another possible approach, discussed by Rhodes and Keith [34], would be 
to combine carbon capture technology with biomass-fuelled (or part-fuelled) 
power plants. Such plants would then be carbon negative, rather than merely car-
bon neutral, but as we argued in Chapter 5, only limited supplies of truly carbon 
neutral biomass are likely to be available in the future. 

Costs for the capture of CO2 are speculative, since no full-scale plant has been 
built. The 275 MW pre-combustion demonstration plant planned for Mattoon in Il-
linois, US, has been temporarily shelved because of much higher than expected 
costs – these have doubled since 2003, and are now estimated at US$ 1.7 billion 
[12]. The energy costs are likewise uncertain. According to one estimate [14], the 
additional fuel input needed per kWh of power station output for the capture of 
90 % of CO2 emissions, ranged from 11–40 %, mainly depending on the plant 
type. Retro-fitted plants would incur the highest energy costs.  

More thorough recent estimates of energy (and monetary) costs have been 
made [35]. Although the theoretical minimum work requirement for CO2 separa-
tion and compression for pipeline transport is 0.11 MWh per tonne of CO2, feasi-
ble future improvements to the process will at best lower the value from around 
0.4 at present to 0.2 MWh per tonne, implying about a 20 % extra energy cost. 
Costs might reduce to around $50 per tonne captured, or even lower [19].  

After the CO2 is captured, it must be compressed and transported to the under-
ground sequestration site. McCoy and Rubin [23] have modelled the cost of piping 
liquefied CO2 for various flow rates and distances in the US. As expected, for a 
given flow rate, unit costs varied roughly linearly with transport distance. For a 
given pipeline distance, the unit costs decreased exponentially with rising design 
mass flow rate. As an example, for a pipeline length of 100 km, and an annual 
throughput of five million tonnes (roughly the output of an 800 MW capacity coal-
fired power plant), the modelled cost was 1.16 US$ per tonne.  
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Transport is thus expected to be a minor share of total CCS costs, but these cost 
estimates implicitly assume that the CO2 has less than 10 ppm of water. If other 
impurities are also present, such as oxygen or nitrogen, pipeline pressures will 
need to be raised to avoid dew-point condensation of liquids. Either the tensile 
strength of the pipes must be increased (and with it pipeline costs) or strict stan-
dards will be needed for gas purity [12]. 

8.5 Air Capture  

Biological sequestration of carbon in soils, forests or oceans is a process that oc-
curs naturally, although it can be augmented (as well as reduced) by human inter-
vention. Air capture, in contrast, would mechanically draw down CO2 from the 
atmosphere, then store it underground in a manner similar to CCS. The advantages 
claimed for this sequestration approach are several. Since CO2 is a well-mixed 
gas, air capture plants are not tied to fossil power plant locations, but can be sited 
anywhere, with the sequestration sites being the obvious location choice in order 
to eliminate the need for long-distance transport. It follows that any one country 
could contract to remove emissions generated in another country, and the world 
overall could remove more than that year’s emissions, which could become neces-
sary if no decisive action on mitigation is taken soon. Further, CO2 air capture 
could draw down the equivalent of other GHGs, whose atmospheric concentra-
tions may be more difficult to reduce directly. 

Air capture has one enormous disadvantage, presently outweighing any poten-
tial advantages: its energy costs are far higher than for CCS from fossil fuel com-
bustion, mainly because, as noted above, flue gas CO2 concentrations are around 
300 times higher than in the atmosphere. Several research teams have assessed the 
likely energy costs for air capture [1, 16, 45] and have found that the input electri-
cal energy costs are roughly comparable to the electrical output from the fossil 
fuel plant whose carbon is to be captured. Additional energy is needed for drying, 
but could be provided from power plant waste heat.  

Air capture has been proposed as a way of making fossil fuels carbon neutral. 
Consider what would be needed if we wished to make 100 EJ of fossil fuel use 
carbon neutral, using only fossil fuel to power air capture devices. If all this en-
ergy was derived from coal-fired power stations, we would require a total input of 
at least 200 EJ of coal to produce 100 EJ of ‘green’ fuel (or a net output of about 
35 EJ of green electricity). Since the power stations for air capture also emit CO2, 
which could presumably be captured by dedicated CCS devices with perhaps a 
20 % energy cost, a total of 125 EJ of additional coal would be needed to ‘green’ 
the original 100 EJ of combusted coal.  

In sum, if we ignore emissions, as we do today, 100 EJ of coal will produce 
35 EJ of electricity; if we have to capture emissions, 225 EJ of coal are needed to 
make the same amount of electricity available to the economy [27]. Future im-
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provements may lower this air capture energy requirement; on the other hand, we 
have ignored the energy costs of manufacturing and erecting the air capture de-
vices, and those for carbon sequestration.  

An alternative would be to use nominally carbon neutral thermo-electric 
sources (biomass, geothermal, nuclear) to provide the energy for air capture. For 
provision of 35 EJ of green electricity, only 200 EJ would now be needed. But of 
course it makes no sense to use alternative energy sources in this way. The impact 
on atmospheric CO2 concentrations would be identical if we simply used alterna-
tive energy sources directly for electricity. In fact it would be better, since the en-
ergy and monetary costs of building the air capture devices would simply be 
avoided [27]. 

Given the above argument, any application of this technology could only make 
economic sense when the potential for flue gas CO2 capture from large fossil fuel 
plants is exhausted, and when fossil fuel combustion in smaller plants (vehicles, 
small boilers, etc) has been replaced by carbon neutral energy. The latter two op-
tions are far cheaper for global warming mitigation than air capture, which can be 
regarded as a last resort.  

The inevitably high energy costs of air capture present a dilemma. Imagine that 
in a few decades time we have in fact implemented carbon capture on all remain-
ing large power plants, and have replaced all other fossil fuel use with alternative 
energy. Nevertheless, cumulative emissions of carbon to the atmosphere might 
have still reached dangerously high levels, requiring air drawdown, because these 
mitigation methods were applied too late. The present rate of increase of atmos-
pheric CO2 is about 2 ppm per year. If we wished to decrease CO2 ppm by this 
amount annually, we would have to remove 4 GtC (14.7 GtCO2) each year. From 
the above calculations, the energy costs would be about 150 EJ, several times the 
output from all non fossil carbon energy sources, and many times that from mod-
ern RE sources (ie excluding fuel wood) [27]. 

Another version of air capture envisages acceleration of the natural geochemi-
cal weathering cycle, which in the very long term will reduce atmospheric CO2 
levels. Lackner [17] has proposed that igneous rocks like serpentine or olivine 
that are rich in magnesium silicates should be mined, crushed and milled to en-
sure large surface areas, then reacted with CO2 to form carbonates. The global 
mineral availability is far in excess of that needed for sequestering all fossil fuel 
resources, and the mining and mineral processing costs for the rock were esti-
mated at less than US$ 10 per tonne of CO2. This ‘solid carbonate disposal’ 
would also confine environmental effects to a small area, unlike, for example, the 
effects of ocean fertilisation. 

A one-GW coal-fired power plant would require the mining and processing of 
about 40,000 tonnes of serpentine daily, or about seven times the mass of CO2 to 
be neutralised. The costs of carbonation were estimated at US$ 70 per tonne, with 
most of this for heat treatment of the serpentine. Energy costs would likewise be 
high. With further development, Lackner claimed that costs might be brought 
down to or even below those for CCS [18]. 
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8.6 Geological Carbon Sequestration  

The final stage for both CCS and air capture is sequestration of the captured CO2 
in geological features such as disused oil and gas fields, in abandoned salt mines, 
adsorbed on the coal in unminable seams, or in deep saline aquifers. Some re-
search work has also been done on sequestering CO2 in the ocean deeps; but the 
environmental problems facing this approach are similar to those to be discussed 
in Section 9.3 on the ‘Unwanted Impacts of Geoengineering’. Also, the burial will 
not be permanent. After a few centuries, most CO2 will have escaped back to the 
atmosphere [18]. Yet, as we saw in Section 2.2, the problem of excess atmos-
pheric CO2 will be with us for millennia. 

Even disregarding ocean sequestration, the potential for global geological se-
questration could be very high, but is also very uncertain. Recent estimates range 
from 100 to 200,000 Gt of CO2 [5, 42], compared with present CO2 emissions 
from all sources of around 30 Gt per year [4]. Deep saline aquifers are regarded as 
having by far the greatest potential for storage. As we shall see, these global esti-
mates are not very useful, and can be very misleading for assessing the future of 
carbon burial. According to Haszeldine [12]:  

Worldwide, the original static estimates of storage capacity are now being substantially 
downgraded to many decades rather than hundreds of years of emissions. 

To get a clearer picture of why this is so, we need to examine in more detail the 
mechanics of geological sequestration. 

The first step in sequestration is to survey a prospective site, to determine 
whether safe and permanent storage is possible at all, and if so, by what mecha-
nisms, at what annual rate, and at what cost. Each prospective underground stor-
age site will need to be investigated very thoroughly, as it is very difficult to gen-
eralise from one site to another. Disused gas/oil fields are regarded as ideal, not 
only because the gas fields have held gas for millennia, but also because their ge-
ology has already been thoroughly explored. But this exploration can also be a 
drawback. Millions of exploratory and production oil and gas wells have been 
drilled worldwide over the past century, with 40 thousand drilled annually in the 
US alone [42]. If in any sequestration project, not all wells in the area are found 
and capped, leakage will result.  

Furthermore, most oil and gas fields leave up to 50 % of the original resource in 
place untapped, because the technology for tapping it is yet not available or the 
present extraction costs are too high. If used for CO2 storage, the option of later 
extraction of oil or gas is foreclosed. Similarly, if CO2 adsorption on ‘unminable’ 
coal seams is practiced, the option of later extraction – or in situ combustion – is 
lost. (A further problem is that adsorption will lead to the coal swelling, which 
will lower possible injection rates.) More generally, we must keep in mind that 
underground storage in suitable locations may be needed in future for a host of 
other purposes, such as compressed air or hydrogen energy storage, helium stor-
age, or for chemical, nuclear or other toxic waste disposal. 
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The deep subsurface saline aquifers or depleted oil and gas fields contain no 
empty pore space. The injected CO2 must therefore either compress the pore fluid 
(as well as the surrounding sedimentary rock) or displace the pore fluids. Also, CO2 
is trapped by a number of mechanisms, each with differing time frames for action, 
varying from immediate trapping to thousands of years. For example, adsorption 
onto coal surfaces is immediate, but it can take up to millennia for CO2 to move long 
distances along deep underground migration pathways before displacing pore fluids 
or dissolving in them [5]. In practice, the rate at which CO2 can be safely seques-
tered will prove far more important than the ultimate capacity of a formation. 

The next step in carbon burial is the injection of CO2. To ensure that drinking 
water supplies are not contaminated by rising CO2 (which can change their geo-
chemistry), an injection depth of at least 800 metres is recommended for deep 
brine formations. Injected CO2 will then be in a supercritical state, with a density 
of 600–800 kg/m3. Being less dense than water, it tends to migrate upwards. To 
sequester present and projected US emissions alone, one estimate is that 200 thou-
sand wells would have been needed in 2008, and 480 thousand by 2030 [42].  

Because the injected CO2 displaces fluid in the rock pores, surface fluids are 
produced during the injection process, but these fluids carry away about two-thirds 
of the CO2 injected, greatly increasing the number of wells for a given net reten-
tion. The vast amounts of this waste water produced will itself have adverse envi-
ronmental impacts, and will need to be carefully disposed of. The rate at which in-
jection can proceed at any given well tends to fall over time, since the CO2 reacts 
with both the formation water and the rock surfaces. The reaction products in turn 
cause scaling of pipes, and promote processes like mineral precipitation and com-
paction which can reduce permeability adjacent to the well. Injectivity may fall to 
as little as 10 % of its initial value after two years. It is also important that injec-
tion pressures are keep low enough to avoid rupturing the caprock, which would 
allow the gas to escape [42]. 

Clearly, any serious application of geological burial (several Gt annually, some 
1,000 times the several MtCO2 sequestered today) will require many thousands of 
wells annually. This being the case, we need to consider the system effects that 
nearby wells will have on each other and on the sedimentary basin that is to trap 
the injected gas. Birkholzer and Zhou [4] have recently investigated this question 
by modelling the injection of five million tonnes of CO2 per year from each of 20 
storage projects in the saline aquifers of the Illinois Basin. In their modelled work, 
these projects were spaced 30 km apart at the centre of the large basin in the 
Mount Simon sandstone. This sandstone formation was regarded as ideal for stor-
age, because it has high permeability and porosity, is of sufficient thickness, and is 
sealed from overlying aquifers.  

Injection would proceed for 50 years, giving a total of 5,000 MtCO2 over the pro-
ject lifetime. Even this major set of projects would only account for about 1/3 of the 
CO2 output expected from existing stationary fossil fuel plants in the Illinois Basin 
over the next 50 years. The 5,000 Mt amounts to 4.6–18.5 % of the storage capacity 
for Mount Simon estimated by the US Department of Energy. Cumulatively, the 
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CO2 will occupy a volume of 5.5 km3, at an assumed density of 0.9 kg/m3. They 
found that a large continuous region of overpressure would result, with eventual 
pressure increases occurring decades after the injection ceases as far as 200 km from 
the core injection area, thus affecting a total area greater than 100 thousand km2. 
Their model predicted that a pressure buildup of 0.1–0.2 MPa would occur after the 
50 years of continuous injection. The significance of this is that these pressures 
would occur in areas overlain by freshwater aquifers, increasing the risk of their 
contamination. 

Possible escape of injected CO2 is not the only risk. The liquefied CO2 will ex-
pand in volume as it works its way upwards through the porous rock, increasing 
the pressure inside the rock mass. With a project the size of the Mount Simon one, 
rock pressures could rise enough to trigger an earthquake by reactivating a fault. 
Even small burial projects are at risk. At the Norwegian Sleipner pilot project in 
the North Sea, the injection of merely one million tonnes annually into a deep sa-
line aquifer could have been the trigger for a magnitude 4 earthquake that oc-
curred in 2008 [9]. A bigger earthquake could possibly have triggered a tsunami.  

Such considerations could also rule out off-shore CO2 burial in offshore sedi-
ments in territorial waters on a far larger scale than at Sleipner, as advocated by 
Schrag [37]. Even though such burial would be more politically acceptable than 
onshore, the knowledge of the geology would be far lower than for on-shore sedi-
mentary basins, and monitoring for leaks much more difficult. Piping costs would 
also be higher than for on-shore burial, and would be needed even for air capture.  

8.7 Carbon Sequestration in the Real World 

Compared to other methods of climate change mitigation, biological carbon se-
questration in forests and soils has many apparent advantages, as well as produc-
ing other, non-climate, benefits. No new technology is involved (as is the case for 
CCS), and the reported costs are low compared to other sequestration techniques 
[2]. Compared with ocean fertilisation, an alternative biological sequestration 
method, the environmental risks are smaller and better understood. For soil carbon 
sequestration, advocates believe that agricultural productivity can also be en-
hanced. At present, though, the reality is that carbon continues to be lost from land 
use changes at the annual net rate of perhaps 1.2 GtC [28].  

Reversing this loss will be a priority, but will be difficult to achieve in a world 
with expanding needs for food and forestry products, and land for human settle-
ments and their infrastructure, as well as a deteriorating environment in the form 
of rising frequency of forest fires and pest outbreaks. At an optimistic yield of 
10 tonnes of carbon per hectare, replacing the 1.2 GtC lost each year would require 
the total annual biomass yield of 1.2 million km2 of land, an area nearly one quar-
ter the size of the Amazon forest. 

We have reviewed the various competing technologies for carbon capture from 
large fossil fuel plants. Absorption of CO2 from the flue gas stream is not only the 
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most developed technology, but the equipment can be retrofitted to existing plants. 
Given that no existing large plants have been designed for CCS, this is crucial. 
The energy and monetary costs should be similar to those for oxy-combustion, the 
other post-combustion capture method. Also, being an add-on technology, it can 
be turned off for peak-load periods when maximum electricity output is desired, or 
if for any reason the geological storage site is temporarily unable to accommodate 
the output [12]. But amine scrubbing is far more attractive for the 12 % concentra-
tion of CO2 in coal plant flue gas than for the mere 4 % in natural gas-fired power 
stations. Again, for coal-fired plants, gasification promises greater efficiency.  

These uncertainties mean that all three technologies discussed in Section 8.4 
are likely to be simultaneously promoted, with a dilution of effort and financing. 
For instance, should we promote amine scrubbing if annual supplies of easily-won 
coal start to drop after the mid-2020s? Financing of protype plants is vital if ex-
perience is to be gained and the inevitable problems overcome for the next genera-
tion of plants. But the present carbon trading market has prices that are far too low 
– and too variable – to provide much of an incentive for utilities to capture carbon. 
Taxpayers’ money will be essential for financing. 

In the 2007 report [8], the IPCC presented the results of four illustrative models 
which included estimates for mitigation by CCS and biological carbon sequestra-
tion combined. (The figures excluded reductions in deforestation emissions, how-
ever). Together, these models agreed that cumulative carbon sequestration from 
these two methods over the 2000–2030 period will be very small with a maximum 
value of 10 GtCO2-e (or 2.7 GtC). When the entire period 21st century was con-
sidered, the different models projected that anywhere from about 50 GtCO2-e to 
over 1,100 GtCO2-e (300 GtC) might be possible. For comparison, 2007 emissions 
from fossil fuels alone were 7.9 GtC. These modelled values are merely estimates 
of CCS potential; they are not predictions.  

The cumulative emissions of all greenhouse gases over the entire 21st century 
according to these four models ranged from about 6,000 to over 7,000 Gt CO2-e, 
the equivalent of from 1,600 to more than 1,900 GtC. As a share of total GHG 
emissions over the 21st century, the most optimistic estimate for sequestration 
(from the MESSAGE model) was thus about 18 % of total emissions, while for the 
most pessimistic (IPAC model), the figure was a negligible 0.2 %. For CCS alone, 
the values in both cases would be even lower. 

The greatest risks, both financial and physical, surround the sequestration 
phase. Given the effects of large sequestration schemes, we can now get a better 
picture of the regulatory difficulties and political opposition that they will surely 
face. The controversies that have surrounded plans for nuclear waste disposal un-
derground can give us some insights into these difficulties. It is clear that there 
will be cases of storage failure – wells for injection of toxic fluids in the US have 
already leaked, and blowouts regularly occur with oil and gas wells.  

Animals and humans are at risk if a large blowout occurs. The sudden natural 
release of somewhere between 0.1–1.6 MtCO2 from Lake Nyos in Cameroon in 
August 1986 (which killed by asphyxiation about 1,700 people and several thou-



158 8 Getting Rid of Atmospheric Carbon: Sequestration and Air Capture 

sand livestock in a 25 km radius of the lake [10, 43]), provides an illustration of 
what can happen. Concentrations of CO2 of greater than 7–10 % ‘pose an immedi-
ate threat to human life’ [10]. An occurrence as serious as this eruption may seem 
improbable, but cannot be ruled out, given that thousands of CCS schemes must 
be in place by 2050 for the optimistic CCS scenario discussed above to be met. 
Any modelling work is subject to deep uncertainties, but those that model under-
ground processes are particularly uncertain [29], so that the risks of any particular 
project will never be fully known.  

One possible cause of sudden release from underground storage is through earth-
quake damage. Damage may either be initiated by local overpressure from carbon 
sequestration in the rocks, or conversely, an earthquake could occur independently 
of sequestration but nevertheless compromise the integrity of underground stor-
age. Given the low-probability but high human impact of sudden CO2 releases, lo-
cation of storage sites near (or under) populated areas is likely to face intense citi-
zen opposition. As we have shown, the area involved could be many thousand 
km2. Since CO2 is heavier than air, it collects in low lying areas, so that even small 
releases by leakage are a hazard.  

Regulation of geological sequestration, insurance of risk, and certification of 
storage integrity are all likely to involve difficulties. Given that the average life-
time of CO2 in the atmosphere is many centuries, will storage that can be guaran-
teed for a few decades only, be regarded as satisfactory? For CCS to work as 
planned, the CO2 has first to be collected from one or a group of power plants, 
then compressed and piped to the final storage site. The dedicated pipelines 
needed cannot be built until sufficient guaranteed storage capacity to accommo-
date the annual output can be made available.  

Each storage site will need to be carefully investigated, to ensure potable water 
supplies are not compromised in the future by geochemical changes. Multiple se-
questrestration projects in the same sedimentary basis will add to the complexity 
of modelling. Monitoring of injection pressures and flow rates will be needed to 
avoid overpressure damage to caprock during the injection phase. Maintaining 
caprock integrity is vital to the secure storage. Finally, who will monitor the site 
for the centuries needed? Lackner [18] believes that the millennia necessary for 
carbon storage would rule out monitoring – it might be possible for one or two 
generations, but not for hundreds.  

The various techniques for capturing and sequestering carbon, particularly those 
involving novel technology like CCS and air capture, raise the risk of moral haz-
ard. The term, originating with the insurance industry, denotes the lower vigilance 
exercised by the insured once the risk of financial catastrophe has been removed. 
Already, some environmentalists believe that the promise of CCS has given utili-
ties an excuse for continuing to burn coal [26]. As we have shown, reducing our 
present heavy reliance on fossil fuels will likely be a slow and expensive business, 
and plausible excuses for inaction will be welcomed by industry groups.  

The optimism surrounding geological disposal of CO2 can be regarded as extra-
ordinary, given that it is still uncertain whether it will ever be a practical mitiga-
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tion solution, as stressed by two Swedish researchers, Hansson and Bryngelsson 
[11]. However, it may be that carbon sequestration is presently undergoing a re-
evaluation. Increasingly, it is being seen as, at best, a useful mitigation method, 
rather than a panacea. Like Spreng and his co-workers [40], in a few years we may 
come to realise that carbon capture and sequestration is indeed another Faustian 
bargain, just as nuclear power has been regarded. We may merely be trading one 
risk – that of global climate change – for others. 

References 

[1] Baciocchi R, Storti G, Mazzotti M (2006) Process design and energy requirements for car-
bon dioxide capture from air. Chem Eng & Process 45:1047–1058 

[2] Barker T, Bashmakov I, Bernstein L et al. (2007) Technical summary In: Metz B, Davidson 
OR, Bosch PR et al. (eds) Climate change 2007: Mitigation. CUP, Cambridge, UK  

[3] Bilger RJ, Wu Z (2009) Carbon capture for automobiles using internal combustion Rankine 
Cycle engines. J Engg Gas Turbines & Power 131(034502):1–4 

[4] Birkholzer JT, Zhou Q (2009) Basin-scale hydrogeologic impacts of CO2 storage: Capacity 
and regulatory implications. Int J Greenh Gas Control 3(6):745–756 

[5] Bradshaw J, Bachu S, Bonijoly D et al. (2007) CO2 storage capacity estimation: Issues and 
development of standards. Int J Greenh Gas Control 1:62–68 

[6] Damm DL, Federov AG (2008) Conceptual study of distributed CO2 capture and the sus-
tainable carbon economy. Energy Convers and Manag 49:1674–1683 

[7] Figueroa JD, Fout T, Plasynski S et al. (2008) Advances in CO2 capture technology – the 
U.S. Department of Energy’s Carbon Sequestration Program. Int J Greenh Gas Control 2:9–
20 

[8] Fisher BS, Nakicenovic N, Alfsen K, et al. (2007) Issues related to mitigation in the long-
term context. In: Metz B, Davidson OR, Bosch PR et al. (eds) Climate change 2007: Miti-
gation. Cambridge University Press, UK  

[9] Fischer R (2009) Don’t provoke the planet. New Sci 26 September:8–9 
[10] Fogarty J, McCally M (2010) Health and safety risks of carbon capture and storage. JAMA 

303(1):67–68 
[11] Hansson A, Bryngelsson M (2009) Expert opinions on carbon dioxide capture and storage – 

A framing of uncertainties and possibilities. Energy Policy 37:2273–2282 
[12] Haszeldine RS (2009) Carbon capture and storage: how green can black be? Science 

325:1647–1652 
[13] Heimann M, Reichstein M (2008) Terrestrial ecosystem carbon dynamics and climate feed-

backs. Nature 451:289–292 
[14] Holloway S (2007) Carbon dioxide capture and geological storage. Philos Trans R Soc A 

365:1095–1107 
[15] Janzen HH (2006) The soil carbon dilemma: Shall we hoard it or use it? Soil Biol & Bio-

chem 38:419–424 
[16] Keith DW, Ha-Duong M, Stolaroff JK (2006) Climate strategy with CO2 capture from the 

air. Clim Change 74:17–45 
[17] Lackner K (2001) A guide to CO2 sequestration. Science 300:1677–78 
[18] Lackner K (2002) Carbonate chemistry for sequestering fossil carbon. Annu Rev Energy 

Environ 27:193–232 
[19] Lackner KS (2010) Comparative impacts of fossil fuels and alternative energy sources. In: 

Hester RE, Harrison RM (eds) Carbon capture: Sequestration and storage. Issues in envi-
ronmental science and technology 29. Royal Society of Chemistry, UK  



160 8 Getting Rid of Atmospheric Carbon: Sequestration and Air Capture 

[20] Lal R (2004) Soil carbon sequestration impacts on global climate change and food security. 
Science 304:1623–1627  

[21] Lowe JA, Huntingford C, Raper SCB et al. (2009) How difficult is it to recover from dan-
gerous levels of global warming? Environ Res Lett 4:1–9.   
doi:10.1088/1748-9326/4/1/014012 

[22] Marris E (2008) Black is the new green. Nature 442:624–626 
[23] McCoy ST, Rubin ES (2008) An engineering-economic model of pipeline transport of CO2 

with application to carbon capture and storage. Int J Greenh Gas Control 2:219–229 
[24] Meir P, Cox P, Grace J (2006) The influence of terrestrial ecosystems on climate. Trends 

Ecol & Evol 21(5):254–260 
[25] Moriarty P, Honnery D (2007) Intermittent renewable energy: the only future source of hy-

drogen? Int J Hydrog Energy 32:1616–1624  
[26] Moriarty P, Honnery D (2009) Hydrogen’s role in an uncertain energy future. Int J Hydrog 

Energy 34:31–39 
[27] Moriarty P, Honnery D (2010) A human needs approach to reducing atmospheric carbon. 

Energy Policy 38(2):695–700 
[28] Normille N (2009) Round and round: A guide to the carbon cycle. Science 325:1652–1643 
[29] Oreskes, N, Belitz K, Shrader-Frechette K (1994) Verification, validation and confirmation 

of numerical models in the Earth sciences. Science 264: 641–646 
[30] Pearce F (2008) Cleaning up coal. New Sci 29 March:36–39 
[31] Pearce F (2008) Saved? New Sci 22 March:36–39 
[32] Reijnders L (2009) Are forestation, bio-char and landfilled biomass adequate offsets for the 

climate effects of burning fossil fuels? Energy Policy 37:2839–2841 
[33] Ridgwell AJ, Maslin MA, Watson AJ (2002) Reduced effectiveness of terrestrial carbon se-

questration due to an antagonistic response of ocean productivity. Geophys Res Lett 
29(6):19–1 – 19–4 

[34] Rhodes, JS, Keith DW (2008) Biomass with capture: negative emissions within social and 
environmental constraints: An editorial comment. Clim Change 87:321–328 

[35] Rochelle GT (2009) Amine scrubbing for CO2 capture. Science 325:1652–1654 
[36] Running S (2008) Ecosystem disturbance, carbon and climate. Science 321:652–653 
[37] Schiermeier Q (2009) Ocean fertilization: Dead in the water? Nature 457:520–521 
[38] Schlesinger W (1999) Carbon sequestration in soils. Science 284:2095 
[39] Schrag DP (2009) Storage of carbon dioxide in offshore sediments. Science 325:1658–1659 
[40] Spreng D, Marland G, Weinberg AM (2007) CO2 capture and storage: Another Faustian 

bargain? Energy Policy 35, 850–854. 
[41] Strong A, Chisholm S, Miller C et al. (2009) Ocean fertilization: Time to move on? Nature 

461:347–348 
[42] Xie X, Ecomides MJ (2009) The impact of carbon geological sequestration. J Natural Gas 

Sci and Engg. Doi:10.1016/j.ngse.2009.06.002  
[43] Wikipedia (2010) Lake Nyos. http://en.wikipedia.org/wiki/Lake_Nyos. Accessed 28 Janu-

ary 2010 
[44] Young E (2007) A drop in the ocean. New Sci 15 September:42–45 
[45] Zeman F (2007) Energy and material balance from CO2 capture from ambient air. Environ 

Sci & Tech 41(21):7558–7563 



161 

Chapter 9  
Great and Desperate Measures: 
Geo-engineering 

9.1 Introduction 

Geoengineering has been defined as follows by Robert Frosh [15]: ‘Geoengineer-
ing is purposeful action intended to manipulate the environment on a very large – 
especially global – scale.’ He also pointed out that our present manipulation of 
atmospheric CO2 content could be considered geoengineering. If so, we are really 
discussing what type of geoengineering is appropriate. Of course, this argument 
can be turned on its head: ‘After all, messing with the climate is exactly what got 
us into such trouble in the first place’ [6]. Like carbon capture and sequestration, 
geoengineering schemes are single-purpose technical fixes for climate change 
mitigation which would leave the questions of energy availability and other global 
environmental problems untouched. 

Here we will restrict our discussion to large-scale schemes directed at counter-
acting the effects of rising GHGs by altering the planetary or regional albedo. Fig-
ure 9.1 shows in schematic form the possible options considered in this chapter. 
The proposals usually aim to increase the proportion of short-wave insolation that 
is reflected back into space. As we showed in Chapter 2, the surface temperature 
of Earth is the result of the balance between short-wavelength insolation and out-
going long-wavelength radiation. Carbon sequestration, discussed in Chapter 8, 
would lower atmospheric CO2 levels and so allow more longwave radiation to es-
cape to space.  

In contrast, the geoengineering schemes discussed in this chapter have as their 
aim the reduction in the share of insolation that is absorbed rather than reflected. 
A large number of schemes have been proposed, some of which would alter the 
planetary albedo as a whole, while others would act on a more regional scale, with 
correspondingly more regional effects. Although a gross approximation of the 
climate system, application of the simple energy balance of the Sun-Earth system 
discussed in Chapter 2 provides some justification for altering global albedo. The 
average albedo of the Earth is estimated to be 0.3 [16] and it would require only a 
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6.5% increase in albedo to lower average temperature by 2 °C from 17 °C to 
achieve the equilibrium value of 15 °C. 

Interest in geoengineering (or climate engineering as it is also termed) has 
grown greatly in recent years. A search of Google Scholar with the terms ‘climate’ 
+ ‘geoengineering’ illustrates this rise. In the entire period 1900–1990, only 69 
references were found. Between 1991–2000, 348 references were found, but the 
period 2001 to early 2010 has produced 2760, with around 75 % following the 
2006 paper by Paul Crutzen [12], a Nobel Laureate in atmospheric physics. We 
can expect to hear much more about geoengineering in the coming years. 

 

Figure 9.1 Schematic diagram of geoengineering options for mitigating global warming 

9.2 Global Albedo Decreases 

The first IPCC report was released in 1991, although concerns about the impact of 
global warming had been raised even earlier. Yet concentrations of greenhouse 
gases in the atmosphere have continued to rise, and for CO2 and methane, at an in-
creasing rate. Because of this lack of progress toward mitigation, researchers are 
increasingly arguing that geoengineering approaches should be used, or should at 
least be the subject of further research to determine what the best options are [18]. 
Recently the UK Royal Society gave its support to geoengineering [9, 36]. Impor-
tantly, however, the Royal Society did not see geoengineering as a panacea; more 
conventional mitigation efforts will still be needed.  
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9.2.1 Stratospheric Aerosol Placement 

Geoengineering proposals are not new; they were even considered in an official 
1965 US report [21]. More recent interest was sparked by the paper by Paul 
Crutzen [12]. (Crutzen’s interest in turn was the result of the negligible progress 
made in mitigation by more conventional means.) He observed that after the June 
1991 Mount Pinatubo eruption in the Philippines, some 10 million tonnes of sul-
phur, initially as SO2, were ejected into the tropical lower stratosphere. This led to 
a significant global cooling of 0.5 ºC in the year after the eruption. Similar effects 
have been observed following other major volcanic eruptions.  

Based on the estimated aerosol loading in the stratosphere from Pinatubo, and 
its measured temperature reduction effects, Crutzen calculated that to compensate 
for CO2 doubling relative to pre-industrial levels, a continuous sulphate loading of 
about 5.3 million tonnes sulphur would be needed, compared with the 55 million 
tonnes of sulphur emitted to the atmosphere each year. The sulphate already in the 
troposphere does contribute to global cooling, but is also a major health hazard. 
Reductions in sulphate emissions from power stations for pollution reduction rea-
sons, as is happening today, will enhance global warming.  

Placing sulphate aerosols in the stratosphere rather than the troposphere would 
require vastly less sulphur, because of the far longer residence time (1–2 years in 
the stratosphere, but one week in the troposphere because of rain-out). It also low-
ers the number of injection sites, and because of its far lower troposhperic loading, 
has much smaller air pollution effects. Injection near the equator would result in a 
more global distribution of the aerosol, as well as longer atmospheric residence 
times, as evidenced by volcanic eruptions at different latitudes [17]. 

Several methods are possible for placing the aerosols in the stratosphere. One 
proposal is to lift the aerosols using shells fired from naval guns aboard ships in 
the tropical oceans, or from remote tropical islands. If the aerosol is lifted into the 
lower stratosphere at the tropics, both global coverage and residence time are 
maximised, and the costs would not be excessive. Based on Crutzen’s figures, the 
annual cost for counteracting a CO2 doubling might be of the order of US$ 
100 billion, or roughly 0.2 % of present global GNI. Other advantages are that 
temperature reduction effects would occur within about six months, and that if se-
rious negative effects were found, stopping aerosol placement would soon return 
aerosol levels to normal. 

Smaller sulphate aerosol particles (of about one micrometre radius) are more 
effective, because unlike the larger particles emitted by volcanoes, they do not ab-
sorb and emit in the longwave part of the spectrum [20]. Such absorption has a he-
ating effect which partly offsets the cooling effect. Even smaller sizes would be 
better. Another proposal, originally from the late US physicist Edward Teller, 
would see the placement of millions of tiny helium-filled reflective balloons or 
highly reflective nanoparticles in the stratosphere. The cost would be high, and the 
balloons would cause ground-level pollution when they eventually descended to 
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the surface [3]. Such engineered particles may have unforeseen consequences; 
unlike aerosol injection we have no experience of their effects. 

Heckendorn and colleagues [17] pointed out a major possible difficulty with 
aerosol injection into the lower tropical stratosphere. Their model results showed 
that the injected particles will grow larger in size by coagulation and condensa-
tion. These larger-sized particles will have a reduced albedo, leading to a reduc-
tion in cooling from a given aerosol injection load. However, the formation of lar-
ger particles can be avoided to some extent by pulsed rather than continuous 
injection, and by broadening the injection area. Their surprising results are an in-
dication of how little we know about the consequences of albedo engineering. 

9.2.2 Other Approaches 

Clouds as well as greenhouse gases control the longwave radiation leaving Earth. 
Because of the possible drawbacks with sulphate aerosols, Mitchell and Finnegan 
[25] proposed modifying cirrus cloud coverage by increasing ice crystal sizes in 
these high clouds by cloud seeding agents such as silver iodide. The result would 
be larger fall velocities for ice particles, which should decrease cirrus cloud cover-
age. Cirrus clouds have a significant net warming effect on the Earth, because their 
reflection of insolation is much smaller than their trapping of outgoing longwave 
radiation. In the warmer liquid water clouds, these relative impacts were reversed.  

Such cloud seeding would evidently have to employ materials that were non-
toxic at the levels necessary for radiative forcing cancellation. The authors proposed 
using bismuth tri-iodide, as it is non-toxic and much cheaper than silver iodide, the 
popular choice for cloud seeding. The seeding agent must also be effective at tem-
peratures colder than about 20 ºC, but be ineffective at warmer temperatures, or else 
rain-bearing clouds would be seeded, with a net warming effect. The aim would be 
to build up general concentrations of seeding material rather than to target specific 
cirrus clouds.  

This approach would enable the seeding agent to be placed in the atmosphere 
by using commercial aircraft on their scheduled services. Unlike stratospheric sul-
phate aerosols, the residence time would only be 1–2 weeks, so that continuous 
placement would be necessary. Yet, as we will discuss in Chapter 10, greatly re-
duced air travel may be necessary to both counter global oil depletion and for con-
ventional mitigation of climate change. Because of contrail formation, air travel’s 
impact on global warming is greater than its energy use would suggest [26].  

Another approach to raising planetary albedo looks to increase the albedo of 
marine stratiform clouds over the world’s oceans. This could be done by mechani-
cally generating sea salt spray to augment the formation of cloud condensation nu-
clei (CCN) [20]. One proposal is to deliver these ultrafine sprays (each water 
droplet would be a few micrometers in diameter) from a fleet of ships fitted with 
vertical sprays. The advantages include no need for sulphur production and disper-
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sal, and the immediate cessation of effects (within a day or so), should unexpected 
side-effects become apparent. The annual cost might be in the low billions of dol-
lars [29]. A variant of this approach would use iron fertilisation of part of the Sou-
thern Ocean for one summer month each year to stimulate production of dimethyl 
sulphide, a biological source of CCN. The global cooling effect of this latter pro-
posal appears to be minor, however. 

The most ambitious of all albedo modification schemes would deflect incoming 
solar radiation before it entered the Earth’s atmosphere. It would do this by plac-
ing giant reflective mirrors (‘sunshades’) outside the atmosphere in space at the 
‘L1 Lagrange point’. At this point, 1.5 million km from Earth, the gravitational 
pull by the Sun and the Earth are balanced. To counteract the effect of a CO2 dou-
bling, a mirror (or set of mirrors) of four million km2 in total area would be 
needed, if placed at the L1 point [20]. The mirror would in effect be a permanent 
sunspot, and would deflect 2 % of insolation. Since the L1 point is not a stable po-
sition, active stabilisation of the mirrors would be needed, adding to system com-
plexity and cost [3].  

According to an account in the journal Nature [9], the cost of this system would 
run into trillions of US dollars. A further drawback is that the system would have a 
lifetime of only a few decades. Lenton and Vaughan [20] calculated that merely 
counteracting the annual increase in atmospheric CO2 would require 31 thousand 
km2 of mirror surface area to be added annually. Some 135 thousand launches 
would be needed to send up the materials needed each year. Apart from the need 
for yet-to-be-developed technology and its huge cost compared with other options, 
most of the money would need to be spent up-front. It would also be politically 
difficult (and costly) to dismantle if there were serious side-effects. A low-orbit al-
ternative could also be considered. At 200 km altitude, a single mirror would need 
to be 5.5 million km2, with an estimated cost of US$ 5.5 trillion [3].  

In contrast to these cost estimates, the International Space Station, which star-
ted construction in 1998 and is due for completion in 2011, is considered the most 
expensive object ever made. Planned to operate until 2015 only, at its maximum 
extent, it will occupy a mere 0.008 km2 of space whilst orbiting at heights between 
278–460 km. Cost estimates over the installation and operational life run to up-
wards of US$ 145 billion [42]. 

9.3 Regional Albedo Decreases 

The rationale behind regional albedo decreases is of two types. First, some pro-
posals, like increasing the albedo of urban areas or deserts, are done in these loca-
tions simply because that is where the potential for albedo increases by using a 
given technique is situated. The second rationale is very different. Climatologist 
Michael MacCracken [21] has proposed targeting specific areas of the globe for 
geoengineering programs in order to avert specific adverse changes such as icecap 
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melting or a rise in tropical cyclones. The climate engineering measure might be 
intended to address a single consequence of global warming, such as sea level rise, 
and might be applied in a limited region for a limited time each year. 

Because regional geoengineering schemes are more modest in scope, they 
should also be more politically acceptable. One such proposal by Akbari and col-
leagues [1] would increase Earth’s albedo by painting all urban roofs and pave-
ments in the world white. The authors estimated that by 2025, the albedo increase 
would be the equivalent to offsetting a cumulative total of 44 GtCO2 (or 12 GtC). 
This is the equivalent of less than one year’s total CO2-e emissions. And even this 
value may be too high because in high-insolation tropical and sub-tropical regions, 
roads and footpaths in urban areas are often not sealed, and many roofs may still 
be thatched; neither would offer stable surfaces for painting.  

Conversely in cooler climates, nearly all pavements and roofs may be suitable 
for highly reflective coatings, but such coatings would increase winter heating en-
ergy requirements. In a world increasingly reliant on solar energy (see Chapter 5), 
a rise in winter energy load would be difficult to accommodate. Further, it is often 
proposed to use roofs for PV cells, as the cells can be integrated into the roofing 
material. But roofs covered with PV cells are low-albedo surfaces.  

Nevertheless, any increase in the local albedo by use of reflective coatings would 
still cause beneficial local temperature decreases [9]. The approach could be gener-
alised to cover all human settlements [20], which would give more cooling. Since 
both the albedo increase and most of the climate effects are local, it should not raise 
any international conflicts. Also, since most of the climate mitigation benefits would 
accrue to the city or region that implemented this change, local support could be 
high.  

Increasing the albedo of vegetation has been seriously proposed; such enhance-
ment would obviously require biological methods, rather than paint or the surface 
coatings applicable to roads and roofs. Cropland and grassland albedo increases of 
0.04 from around 0.2 at present are assumed to be feasible by changing the type of 
vegetation grown or even by bioengineering. Globally, it is estimated that more 
than 25 % of the radiative forcing from a CO2 doubling could be counteracted in 
this way [20]. The wider environmental effects of such changes are not known. 

Desert albedos could also be raised, to at least partly offset global warming. 
The world’s deserts are regarded as having the most potential of all albedo modi-
fication schemes, both because of their vast area and because the albedo change 
potential is greater. Up to 11.6 million km2 of desert regions might be suitable for 
albedo modification – areas with low populations, sparse vegetation and a stable 
surface layer [20]. Present desert albedos vary from 0.2 to 0.5, and one proposal is 
to raise them to as high as 0.8 by blanketing 10 million km2 with a reflective sur-
face of white polythene backed by aluminium foil.  

About half the radiative forcing from a CO2 doubling could be counteracted in 
this manner, with cooling again biased toward the covered areas. Fragile desert 
ecosystems would presumably be extinguished, and solar energy farms could not 
be located in the affected areas. Neither the durability of the plastic layer, nor how 
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effective the albedo reduction would be if the plastic became covered by a thin 
film of wind-blown dust, has been investigated.  

Given the crucial importance of the Arctic region, with its high local warming, 
and its potential for large global sea level rises and rapid release of carbon from 
permafrost soils [2], geoengineering schemes that target the Arctic are of great in-
terest. The reduction in cirrus cloud coverage, as proposed by Mitchell and Finne-
gan [25], could be preferentially targeted at high latitudes. Caldeira and Wood 
[11] performed a model investigation of introducing sulphate aerosols into the 
Arctic stratosphere, over an area of roughly 10 million km2, some 2 % of the 
Earth’s total area. About 0.3 million tonnes of sulphate aerosol would need to be 
placed aloft each year, perhaps using large aircraft. The annual cost they estimate 
may be US$ one billion or lower.  

They concluded that if the main goal was to prevent loss of the Greenland ice-
cap, local cooling would be advantageous, because more precipitation would fall 
as snow. However, Arctic cooling was found to only modestly decrease water va-
pour transport from warmer regions. If preventing a shutdown of North Atlantic 
meridional overturning was also seen as vital, then cooling would also be needed 
at lower latitudes.  

Other modelling research, together with the known effects of past volcanic e-
ruptions, suggest that Arctic aerosol injection would weaken African and Asian 
summer monsoons [34]. In other words, the undesirable side-effects of geoengi-
neering, discussed more fully in the following sub-section, could no longer be 
confined to the thinly populated Arctic. Overall, Arctic injection would affect 
large areas of the planet, and a similarly large share of global population.  

As already mentioned, this idea of targeting specific critical regions has been 
taken further by MacCracken [21]. He considered not only the polar regions, but 
also the subtropics. Here, the aims might be to limit the more intense tropical cy-
clones and modify wintertime storm tracks in the eastern Pacific, where there is 
the risk of patterns forming that will contribute to sustained droughts. Rather than 
trying to redirect the storm’s path once it has formed, the alternative proposed 
would limit the energy stored in large areas of the upper subtropical ocean (e.g., 
Bay of Bengal, Gulf of Mexico) for several months of the year. The techniques 
that might be used include regional sulphate aerosol injection and brightening of 
regional marine stratiform clouds, as already discussed. Surface waters could also 
be cooled by mixing surface waters with colder waters from below. 

Table 9.1 compares all the geoengineering approaches, both regional and glo-
bal that we have now discussed. It is possible to combine both global and regional 
approaches, with regional geoengineering attempting to fine-tune local climate 
conditions [32]. The general drawbacks so far uncovered for all geoengineering 
proposals are discussed in the next section; the ‘Comments’ column gives only the 
specific possible advantages and disadvantages for each of the geoengineering 
proposals listed. 
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Table 9.1 Comparison of geoengineering approaches 

Geoengineering approach Fraction of Earth 
surface (%) 

Potential planetary 
albedo change 

Comments 

Aerosol placement in tropi-
cal stratosphere 

  100 0.011 Some experience already 
gained from volcanic erup-
tions 

Cirrus cloud modification   ~1–50 NA More closely mimics GHG 
removal 

Albedo enhancement of 
marine stratiform clouds 

  17.5 0.011 Energy costs of fine sprays 
may be high 

Reflective mirrors in space   ~1.0 0.011 Very expensive; not yet 
technically feasible; would 
take decades to implement 

Albedo enhancement of all 
human settlements (roofs 
and pavements) 

  0.6 0.001 Not very effective and can 
interfere with PV roof cell 
installations 

Aerosol placement in Arctic 
stratosphere 

  2.0 NA Arctic can be targeted to 
reduce sea level rise 

Raising vegetation albedos 
(grassland and cropland 
combined) 

  10.3 0.003 Unknown environmental 
effects 

Raising desert albedos with 
reflective white covering 

  2.0 0.005 Unknown environmental 
effects on desert ecology; 
durability of covering 

Sources: [11, 20, 32] 

9.4 Unwanted Impacts of Geoengineering 

We have already considered a number of the unwanted consequences of various 
schemes for either regional or planetary albedo engineering. Here we examine 
more general problems raised by such geoengineering schemes. These can only be 
a preliminary list, as recent research and modelling has already led to some sur-
prising consequences of geoengineering, and many more will surely be found, 
given our limited present understanding of some aspects of the climate system. 

9.4.1 Unwanted Climate-related Impacts 

Geoengineering not only produces general unwanted consequences, but can even 
adversely affect climate itself. The cancellation of global warming by aerosol 
cooling is not exact: there are differences in the location and time of occurrence of 
the cooling. Aerosols, because they affect only insolation, can only cool when the 
sun is shining. Accordingly, they also cool more in summer and in the tropics. In 
contrast, GHGs reduce outgoing radiation, and so act day and night. And as both 
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theory and experience show, the warming is greatest at the poles [28]. Preventing 
melting of both polar ice caps and sea ice may need higher than optimal average 
global temperature decreases. 

One important risk of geoengineering evaluation studies is that they might fo-
cus too heavily on such temperature changes, ignoring the effect of geoengineer-
ing schemes on precipitation and its extremes [3]. The Pinatubo eruption led to 
substantial decreases in average continental precipitation for at least a year. The 
reason is that for the same surface temperature change, reducing insolation by al-
bedo increase does not produce the same thermal effects as do decreases in ther-
mal radiation-absorbing GHGs.  

Bala and co-workers [4] put the dilemma succinctly:  

This implies that an alteration in solar forcing might offset temperature changes or hydro-
logical changes from GHG warming, but could not cancel both at once.  

Modification of cirrus cloud coverage should not have this effect on the hydro-
logical cycle, since it would directly address the increase in longwave absorption 
and emission by GHGs [25]. However, as Mitchell and Finnegan have make clear, 
not all impacts on the climate system are known; unlike aerosol placement we 
have no direct experience of cirrus cloud reduction effects. 

Other unwelcome physical effects can be expected. The repair of the strato-
spheric ozone layer could be delayed by several decades beyond the time frame 
expected from implementation of the Montreal Protocol on phasing out CFCs, be-
cause of ‘the simultaneous presence of high sulfate aerosol surface area density 
and cold conditions in the polar stratosphere.’ [39]. Evidence for this effect is pro-
vided by the Mt Pinatubo eruption, after which ozone loss was observed in the po-
lar regions in spring. Model results have shown that aerosol placement will result 
in heating of the lower stratosphere, and hence an increase in water vapour there, 
mainly because of absorption of longwave radiation [17]. The consequence is that 
even with the ongoing phasing out of halocarbons, decreases in the ozone layer 
were predicted, with the losses greatest in the tropical and polar regions. 

The long atmospheric lifetime of CO2 means that aerosol placement would 
have to continue for many centuries. As a permanent solution, it would be vulner-
able to any policy or technological failure that led to a discontinuation of the pro-
gram [8]. If aerosol placement was discontinued, the negative forcing of the cli-
mate would soon disappear, and temperatures would rise rapidly [23]. 

How rapidly could temperatures rise compared with those in a business-as-
usual (b-a-u) scenario? Ross and Matthews [35] examined this question, compar-
ing an IPCC b-a-u scenario with a geoengineering scenario in which a global 
geoengineering fix was applied in 2020 and abruptly stopped in 2059. In the b-a-u 
case, global temperatures rose steadily from 1990 out to 2100. In contrast, in the 
geoengineering case, temperatures rose steadily from 1990 to 2020 as in the b-a-u 
case, then fell to their 1990 level by 2059. Thereafter temperatures shot up, with 
the maximum rate of annual warming following termination modelled at 0.13 ºC 
to 0.76 ºC, depending on the climate sensitivity chosen.  
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In the b-a-u simulation, the most likely maximum temperature change was 
0.03 ºC per year, compared with average rates of about 0.01 ºC per year in recent 
decades. For the climate engineering simulation, the most likely maximum rate 
was about 0.5 ºC per year [35]. It is the rate of temperature increase, as much as 
the absolute rise, which would place the greatest stress on ecosystems. Warming 
rates greater than the present rate of 0.1 ºC per decade would put most ecosystems 
at risk by decreasing their ability to adapt to the changes naturally. In both scenar-
ios, this maximum rate for tolerance would likely be exceeded. Not only terres-
trial, but also marine ecosystems could have their function seriously impaired. 
Gradually tapering off the aerosol load in the stratosphere would decrease the 
temperature change gradient, but a rapid termination, as modelled here, might be 
needed if serious side-effects were observed.  

Most geoengineering schemes to increase the Earth’s albedo would also have 
serious implications for the viability of solar energy. (One that would not is the 
reduction in cirrus cloud cover.) Solar energy, as we showed in Chapter 5, will 
likely have to provide for the bulk of our energy needs in the future. Given their 
lower cost than PV systems, STEC systems will be particularly vital for large-
scale electricity generation, but the most important geoengineering option, aerosol 
placement in the lower stratosphere, will lower the output of STEC plants because 
of light scattering.  

In a paper on aerosol effects on concentrated solar power, Daniel Murphy [30] 
concluded that ‘each 1% reduction in total sunlight reaching the Earth from en-
hancement of stratospheric aerosols will cause a 4–10 % loss in output from con-
centrated solar power applications depending on what measure is used for electri-
cal output.’ The effectiveness of passive solar design would also be reduced; the 
summer shading of windows by use of overhangs would have decreased effective-
ness, for example. Yet there is no discussion in the burgeoning geoengineering lit-
erature of this crucial potential limitation. 

9.4.2 Ocean Acidification 

Measures to decrease either the local or planetary albedo would still leave the 
other great CO2 problem – ocean acidification – unsolved. Unlike climate change, 
there is no controversy surrounding ocean acidification. As discussed in Chap-
ter 2, more than half the CO2 emitted to the atmosphere is absorbed by the oceans. 
This absorption leads to progressive acidification of ocean waters; surface sea wa-
ter pH (a measure of acidity, with lower values indicating higher acidity) has al-
ready decreased by 0.1 units compared with its pre-industrial value [13]. Meas-
ured changes in ocean acidity closely track changes in ocean CO2 concentrations, 
strongly suggesting it as the cause of rising acidity. If emissions to the atmosphere 
are not checked, the oceans will steadily become more acidic. Sequestering CO2 in 
the oceans, discussed in Chapter 8, would have similar effects on ocean acidity.  
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What effects would this change have on ocean eco-systems? Richard Zeebe and 
colleagues [43] found by experiments that a decrease in pH as small as 0.2–0.3 
units can either inhibit or slow calcification in marine organisms such as corals, 
foraminifera and some plankton. What happens is that CO2 reacts with carbonate 
ions in ocean surface waters to form bicarbonate ions. This does help lower the 
acidity of oceans, but at the expense of lower carbonate ion concentrations. Even-
tually the carbonate ions become depleted, and acidity rises. Decreases of up to 
0.3 units of pH in oceans could occur as early as 2050. As Brewer [7] stated:  

The consequences for coral reefs arouse concern because lowered carbonate ion concen-
tration directly affects the ability of organisms to precipitate aragonite – the most common 
isomorph of calcium carbonate in coralline animals and the basic building block of coral 
reefs. 

Nor is the threat of such ecosystem damage only a prospect for the distant fu-
ture. McNeil and Matear [24] have shown that ocean pH varies naturally by lati-
tude and by season, with minimum (more acidic) values occurring at high south-
ern latitudes and during winter. Aragonite under-saturation in the winter Southern 
Ocean is likely to occur when global atmospheric CO2 concentrations reach 
450 ppm, which could occur as early as 2030. Their discussion underscores the 
importance of local, rather than global average conditions, being critical for un-
derstanding the complex effects on ecosystems of global climate change.  

Again, we have an example of the potential solution to one problem creating 
(or at least facilitating the emergence of) another problem. Of course, yet another 
technical fix is offered for ocean acidification and carbonate depletion. Research-
ers have suggested the placement of vast amounts of lime in ocean waters to neu-
tralise the drop in pH [5, 33]. One proposal was for four billion tonnes of pow-
dered limestone to be sprinkled over the Northern Pacific annually. The ability of 
the oceans to absorb CO2 would be enhanced, and pH could be held constant. The 
catch is that the ocean’s transparency to solar radiation could be impaired, with 
unknown effects on marine ecosystems. The impacts of the annual limestone min-
ing would also not be negligible.  

9.5 The Ethics and Politics of Geoengineering 

Before the climate engineering schemes discussed in this chapter can be imple-
mented, further research will obviously be required. Even research on climate en-
gineering raises its own ethical questions. Morrow and colleagues [27] made use-
ful distinctions between the research and the implementation phases of such 
interventions; our discussion so far has been directed at implementation. They fur-
ther distinguished three types of research: modelling, engineering and climate. 
Mathematical modelling of interventions raise few ethical questions, and we have 
already considered some of its results (e.g., [35]).  
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Nor should experiments, such as laboratory tests or even small scale field tests, 
raise any significant ethical issues. But large-scale climate engineering tests are a 
different matter. As in medical experiments, they raise ethical questions of informed 
consent among those affected, and, given the uncertainty of the consequences, there 
is also the issue of determining a priori all those who could be affected. The numbers 
affected could be very large, and, at the extreme, include all of us.  

Large-scale climate engineering trials might be almost indistinguishable from 
the real thing, and would carry similar risks. The aim of the given trial interven-
tion might be to demonstrate in a statistically significant way that it would reduce 
temperatures compared with those expected without the intervention. We can ei-
ther produce large temperature decreases which can be distinguished from back-
ground variability in a year or so, or small temperature decreases that might take 
several years to establish the intervention’s success beyond doubt. Morrow and 
colleagues [27] suggested that the latter, gentler, test intervention be favoured, in 
order to avoid crossing dangerous thresholds. But in a climate emergency, large-
scale tests that take several years may be judged too long. 

Another great unknown with planetary geoengineering is its impact on the will 
to mitigate climate change by more conventional means. In Chapter 8, in the con-
text of CCS and air capture, we discussed the ‘moral hazard’ involved in reliance 
on these approaches. With geoengineering, the fear is that policy-makers will take 
an easy way out and postpone unpopular measures today, because, given more 
time, it is implicitly assumed that we will know more about both climate change 
and the most suitable geoengineering schemes. As we have seen, at least some 
such schemes can be rapidly (and comparatively cheaply) implemented. Moral 
hazard could occur at any time during the research phase (which has already be-
gun), or after the implementation of climate engineering. 

Philosopher Martin Bunzl [10] agreed that moral hazard is a real problem if ei-
ther research or implementation of geoengineering would hinder other climate 
change mitigation efforts. But he thought that such fears are groundless, ‘since, at 
least among policy makers, nobody believes that geoengineering offers anything 
but a relatively short stopgap to buy time for other action.’ Yet as we have argued 
in earlier chapters, alternative fuels and carbon sequestration will take many dec-
ades to implement. And as Matthews and colleagues have shown [22, 23], stop-
ping aerosol placement after several decades would have serious climatic – and 
ecological – consequences. Risky to continue, risky to stop – we would be riding 
the tiger’s back. 

Shepherd [37] has argued that not only are such fears about moral hazard un-
founded, but that serious geoengineering research may even have the opposite ef-
fect. His conclusions were based on a study with four small focus groups, each 
with homogeneous views on environmental issues, but with each group having dif-
ferent views on climate change. This positive effect occurs, Shepherd postulated, 
because discussing geoengineering underlines for them the seriousness of the prob-
lem. If further research on geoengineering did show unequivocally that it had neg-
ligible benefits and very large risks, then dissemination of these findings to the 



9.5 The Ethics and Politics of Geoengineering 173 

public and their politicians would boost support for more conventional mitigation 
measures.  

From our discussion in Chapters 1 and 2, global warming not only involves 
complex scientific issues, but what policy decisions are made matter greatly to in-
fluential groups like the energy and motor vehicle industries. The focus groups 
presumably received the most accurate information available, but there is no guar-
antee that this will be true for the general public. It is thus difficult to evaluate the 
relevance of this research in the real world, where vast amounts of information, 
both accurate and inaccurate, are available. Instead, geoengineering could well be 
presented as a miracle cure for global warming which will not entail any need for 
social change, or for more expensive mitigation measures. This latter point should 
make it attractive to industry – and to politicians.  

In Chapter 4 we discussed the challenges posed by uncertainty, particularly 
with regard to our understanding of the climate system. Matthews and Turner [22] 
have looked at climate engineering from the viewpoint of other human interven-
tions in the environment. Often, deliberate ecological intervention has been under-
taken to correct the damage caused by the introduction of earlier, unintentional 
pests. For example, mongooses were introduced into the Hawaiian Islands to con-
trol rats, an inadvertently introduced species. Mongooses proved largely ineffec-
tive at rat control, but were a predator on many native species. 

The analogy with climate engineering, a proposed solution to the unintentional 
release of CO2 from fossil fuel combustion, is evident. The authors added:  

It is not at all clear at what point we might know that the climate impacts associated with 
non-intervention may be either [as] dangerous, or worse than, the combined known and 
unknown impacts of climate intervention. 

Past experience with ecological interventions suggests that the probability of an 
intervention producing net benefits is greater if we have a high degree of under-
standing of how the system functions, and if the system is either well contained 
spatially, or of limited complexity. Unfortunately, these conditions for success are 
presently lacking for geoengineering schemes. Matthews and Turner also stressed 
that ecological interventions made where economic considerations were the driv-
ing force generally had the most severe ecological side effects. 

The international political problems facing acceptance of geoengineering 
schemes are probably the most intractable. Since changes in temperature, or rain-
fall and its distribution, will not be uniform over the globe, there will be overall 
winners and losers. It seems unlikely that any one major nation, or nation group-
ing such as the OECD, initiating global measures such as stratospheric aerosol 
placement will want to be among the net losers.  

Other, non-participating, countries will be deeply suspicious of such actions, 
given the long history of research into weather warfare [14]. The US Defense De-
partment’s Advanced Research Project Agency has shown interest in albedo cli-
mate engineering, presumably because of its potential military applications. The 
geoengineering techniques discussed in this chapter could be used to create drought 
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or famines in a target country. They could also be used to make battlefield condi-
tions more favourable, for example by operating cloud-making machines to frus-
trate enemy use of laser-guided weapons [41].  

Fleming [14] has shown such warfare has actually been attempted: between 
1967 and 1972 the US Air Force flew thousands of sorties to seed clouds with sil-
ver iodide to disrupt military traffic along the ‘Ho Chi Minh trail’ during the Viet-
nam War. His conclusion: ‘It is virtually impossible to imagine governments re-
sisting the temptation to explore military uses of any potentially climate-altering 
technology’. Any adverse change in regional climate, even if was only the inevita-
ble internal fluctuations of the climate system, would be seen as a hostile act.  

As climate modeller Kevin Trenberth [40] asked: ‘Who makes the decision 
on behalf of all humanity and other residents of planet Earth to change the cli-
mate deliberately?’ If sea level rise becomes the most serious challenge from 
global climate change, then all nations with sea coasts (which group together 
accounts for most of the world’s population, and includes all the major OECD 
economies, as well as major industrialising countries like China, India and Brazil) 
could agree that geoengineering was necessary. Even if there was this general 
agreement in principle that geoengineering should be attempted at some future 
date, it could prove politically impossible to design a practical system, because 
of the uneven distribution of climatic benefits and costs. How are countries meant 
to trade off less risk of coastal inundation and greater risk of drought because of 
lower rainfall? 

9.6 Geoengineering: Weighing the Costs and Benefits  

Geoengineering is today far more acceptable, or at least thinkable, than in was just 
a few years ago. Even the 2007 IPCC report [38] did not consider geoengineering 
worth more than a passing mention. Yet it is now at least conditionally supported 
by the UK Royal Society, as well as some prominent climatologists. It is increas-
ingly regarded as ‘Earth’s Plan B’, not necessarily the first choice, but an emer-
gency measure if more preferred options, such as phasing out fossil fuels, do not 
deliver the needed GHG reductions in time [6]. What is usually advocated by the 
proponents is more research on ways of economically implementing geoengineer-
ing schemes, and on the likely effects, including unwanted ones, from their intro-
duction. Only then can the best geoengineering approach be selected. 

And it has several major advantage over the other mitigation options. Whereas 
phasing out global use of fossil fuels requires combined action from at least all the 
major GHG emitting economies, geoengineering requires only one country to act. 
Unlike the other mitigation options we have considered, global geoengineering 
schemes could have rapid implementation times, with the exception of space-based 
solar shading. Lofting aerosols into the stratosphere could be done with existing 
equipment, and noticeable cooling would show up within a year. This contrasts 
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with the many decades for alternative energy or carbon sequestration. Another im-
portant advantage seen for schemes such as stratospheric aerosols includes its rela-
tively low economic cost.  

Indeed, Barrett [5] in an article entitled ‘The incredible economics of geoengi-
neering’, has emphasised that the low costs compared with other mitigation possi-
bilities form a powerful argument for choosing geoengineering over these other 
options. The energy costs, unlike air capture of CO2, would also be small. Further, 
the aerosol loading would rapidly reduce if for any reason it was decided to dis-
continue the project. All these advantages will be promoted if in a few decades 
time, mitigation measures have proved ineffective, and the harm from global cli-
mate change is evident to all.  

The drawbacks of global geoengineering schemes are also formidable, and not 
easily overcome. The energy availability problem would remain, but if CO2 emis-
sions were no longer seen as a reason for abandoning fossil fuels, non-con-
ventional sources could be tapped, but only at steadily rising monetary, environ-
mental and energy costs of extraction. The other drawbacks seem much harder to 
overcome. We easily forget that land use changes and fossil fuel combustion are 
leading to elevated CO2 levels in both the atmospheric and ocean sinks. Falling pH 
levels from ocean CO2 absorption promise to profoundly alter ocean ecosystems, 
and the proposed remedy, liming the oceans will introduce other unwanted effects. 
Even after the research is done, ‘the complexity and nonlinear nature of ecosys-
tems’ will mean that much uncertainty will remain about likely risks [31]. 

It may be that we only see geoengineering the planet by albedo enhancement as 
a solution to global climate change because we are fixated on average surface tem-
perature rises. But water availability is also a vital issue confronting us, as we dis-
cussed in Chapter 3. Unfortunately, an unwanted side-effect, diminished rainfall, 
would also soon show up alongside the intended effect, temperature decreases. 
Rainfall declines on average because reducing insolation by albedo enhancement 
does not produce the same effects as decreases in thermal radiation-absorbing 
GHGs do. Klaus Lackner [19] has pointed out that the greater the warming that 
geoengineering is called on to counteract, the less likely it is that the countervail-
ing effects will balance out. Albedo enhancement would lead to at least one fur-
ther difficulty – delay in tropospheric ozone layer repair. Further research is likely 
to throw up further unwanted side-effects.  

Most of the discussion on geoengineering has assumed that, at worst, its use 
would unintentionally advantage some regions more than others. But as we have 
seen, it is quite possible that aiming for this differential distribution of benefits and 
costs may be deliberate. If so, it means than any proposals for geoengineering will 
need to be very critically assessed. It also means that international consensus on 
any scheme is likely to be very difficult to achieve. 
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Chapter 10  
The New Economy 

10.1 Introduction 

We can now attempt to construct a plausible future energy trajectory to the year 
2050, taking into account the findings of previous chapters. Global primary energy 
in 2050, must, as today, be derived from various combinations of fossil, nuclear 
and renewable fuels. We place few limits on the development of technology; 
rather our values for year 2050 carbon capture and storage, and production of al-
ternatives to fossil fuel energy are on the optimistic side. Nor have we considered 
the inevitable fossil fuel inputs needed to provide this alternative energy. But in 
meeting these targets we have another over-riding consideration: the need to re-
duce our carbon emissions enough to avoid serious climate change. 

How much energy will we need? In Chapter 4 we presented a number of sce-
narios for future global energy. The lower value of the EC energy range listed in 
Table 4.1 is 821 EJ. This value corresponds to energy use in their Carbon Con-
straint case, which is the most realistic 2050 scenario if climate stabilisation is a 
priority. Assuming the median UN [54] population projection gives an average 
primary energy use of 90 GJ per person, which is about 18 % higher than the cur-
rent value [20]. This growth in global energy use allows for some further devel-
opment of countries like China and India, but a large gap in per capita energy use 
would still exist between the OECD and these countries. Applying the same Car-
bon Constraint case estimates [14] to the values for other years gives the global 
primary energy curve, the top curve in Figure 10.1. 

There is much debate about the role nuclear energy will play. From Chapter 6, 
we note that nuclear energy’s share of global primary energy is around 6 %, a 
share we and others have argued is unlikely to increase much in future. If we as-
sume it remains fixed to 2050, primary energy supplied by nuclear will equal 
49 EJ, about 65 % higher than its current value. Achieving this increase by 2050 
would require an annual net addition of around five large (1 GW) nuclear power 
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plants per year; about twice the net addition rate over the past two decades (see 
Figure 6.1). 

In Chapter 5 we put the case that the scope for increased supply from RE 
sources apart from the intermittent ones, wind and solar, is limited. The best esti-
mates place hydro at around 20 EJ by 2050 [14, 20]. Geothermal (and other minor 
RE sources) might optimistically provide in total 10 EJ of primary energy (both 
electricity and heat) by 2050 (Chapter 5).  

Biomass is by far the most important of the other continuously available RE 
sources. The competing needs for biomass, and the impact of on-going environ-
mental changes on yields, make the future availability of biomass energy most dif-
ficult to estimate. Biomass energy presently accounts for some 10 % of global 
primary energy supply, or around 50 EJ. Traditional sources today provide around 
45 EJ, and modern sources (transport fuels, electricity production) the remainder. 
However, much of the fuel wood is already unsustainably produced, and biofuels 
will face increasing competition from rising needs for food and fibre. We assume 
here that they can still provide 50 EJ in 2050, with a decline in traditional sources 
balanced by a rise from modern sources [37]. 

We can now determine the total availability of global primary energy from all 
alternative energy sources except wind and solar, as shown by the bottom curve in 
Figure 10.1. The total amount by 2050 is 129 EJ, or about twice the current value 
from these sources. With global primary energy requirements of 821 EJ by 2050, 
the remaining 692 EJ would need to come from a combination of fossil fuels and 
the major intermittent RE sources wind and solar.  

In Chapter 2 we presented the science of global warming. An important and 
consistent finding of this work is the need to limit the average rise in global tem-
perature to 2 °C above the pre-industrial value. The review of modelling work by 
the IPCC [1] suggested that this might mean reducing our carbon emissions by as 
much as 85 % of their year 2000 value by 2050. Even then there would be an es-
timated 15 % chance of exceeding the 2 °C limit. According to the IPCC, 74 % of 
all CO2 emissions are from fossil fuels and industrial processes, with the remain-
der from land use change, mainly net deforestation. In Chapter 8 we concluded 
that the best we could do in a future with a still-expanding human population is to 
reduce net carbon losses from land use changes to zero.  

All allowable carbon emissions would then come from fossil fuel and industrial 
sources. With estimated total year 2000 emissions of about 34 GtCO2 from all 
sources, [1], only 5.1 GtCO2 could be released from fossil fuels and industry. With 
the current carbon intensity of 70.6 MtCO2/EJ [20], only 72 EJ of fossil fuels could 
be combusted, unless CCS was used. In Chapter 8 we showed the wide range of 
estimates for the amount of carbon likely to be captured and sequestered from fos-
sil fuel energy by 2050. Following an IEA CCS implementation target known as 
the ACT Map scenario [19], we estimate that by 2030, CCS could be implemented 
for 18 EJ, and by 2050, 52 EJ of the primary energy from coal and gas. Assuming 
CCS at these levels, fossil fuel use could rise to 124 EJ (although some of this 
would be needed to provide energy for carbon capture). 
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Adding this 124 EJ to the 129 EJ total above gives 253 EJ that by 2050 can be 
met from all energy sources except wind and solar. (Unless otherwise specified, 
energy values are, for simplicity, assumed to increase or decrease linearly out to 
2050.) So in order to meet the target of 821 EJ and stay within a 2 °C rise on pre-
industrial temperatures, wind and solar combined would need to total 568 EJ by 
2050. This energy that must be provided by wind and solar is shown as the top 
shaded area in Figure 10.1. 

 

Figure 10.1 Estimated global energy requirements for 2050 by energy source. See text for details 

From our analysis of renewable energy in Chapter 5, we argued that even for a 
modest energy return ratio (see Figure 5.1), wind is unlikely to ever provide more 
than the 2008 current global gross electricity production of 72.7 EJ. Achieving this 
by 2050 would require a value over twice the most optimistic estimate of 32.7 EJ 
made by the GWEC report (see Chapter 5). Even if wind could deliver this 
amount, obtaining nearly 500 EJ from solar by 2050 would require an increase of 
some four orders of magnitude over current use, and is many times greater than 
even the most ambitious solar farm schemes being discussed for the world’s de-
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serts. Furthermore, this estimate makes no allowance for any needed energy stor-
age, which would be essential at such a high level of supply from these intermit-
tent energy sources. 

The 2006 EC report [14] envisaged no more than 35 EJ for wind and solar 
combined by 2050 in the Carbon Constraint case. The IEA [20] projected that in 
2030, all renewables combined will only amount to 141 EJ in their ‘450 Policy’ 
scenario, which is based on policies under consideration to limit CO2 atmospheric 
concentrations to 450 ppm. The IEA’s base case scenario only envisaged 101 EJ 
for all RE by 2030, which is only slightly more than a third of the 292 EJ needed 
from wind and solar under the assumptions made here, Figure 10.1. 

The wind and solar energy outputs needed to reach the 821 EJ target are so 
large compared with present values that it seems improbable that they can be 
anywhere near satisfied by 2050. Although the figures we have calculated are only 
indicative, we think a total of around 300 EJ of primary energy [36] could be 
available to supply our energy needs while limiting average global temperature 
rise to 2 °C. Different assumptions about future contributions possible from nu-
clear and minor RE sources, the value of climate sensitivity selected, and the level 
of risk from climate change, among other factors, will produce different values. 

To put this level of primary energy into perspective, it amounts to an annual 
consumption of 33 GJ per person. This is sufficient to provide for an average 
power consumption of 1.0 kW, which José Goldemberg [15] has suggested is suf-
ficient to enable our human needs to be met. The level of difficulty in supplying 
even this modest target should not be underestimated. Supplying 300 EJ of pri-
mary energy is likely to mean almost 50 EJ from wind and solar, some 40 times 
that currently produced from these sources. 

How then should we view the world’s energy future? Limiting global average 
temperature rise to only 2 °C is unlikely if we plan for increasing global per capita 
energy consumption in a world with rising population. There is simply not enough 
carbon-free energy available, even if we had the time to develop it. On the energy 
demand side we also have to consider the need to provide energy to the energy-
poor, and the prospect of wide-spread use of energy-intensive air capture to reduce 
cumulative carbon emissions if we over shoot our carbon target. When we also 
factor in our dwindling reserves of minerals and water, and a reduced capacity to 
provide food and fibre to our ever increasing population, it is clear that the future 
cannot be a simple extrapolation of the past. Business-as-usual is no longer an op-
tion for the global economy if by 2050 we have to cut our projected primary en-
ergy use by more than 60 %. 

10.2 The Global Economy and Energy: Past and Present  

The world economy today is startlingly different from that of previous centuries in 
two important ways. First, average incomes per capita now vary enormously from 
country to country, as shown for a selection of both rich and poor countries in Ta-
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ble 10.1. The very poorest countries are not shown, simply because there are no 
reliable statistics available. The GDP values have been expressed in purchasing 
power parity (PPP) rates, where instead of comparing countries’ GDPs on market 
exchange rates (MER), a correction is made to allow for differences in price lev-
els. Measuring GDP using MER tends to underestimate purchasing power in de-
veloping countries, and PPP values are regarded as a better approach if welfare 
comparisons are made across countries. Even so, there is a 100-fold difference in 
per capita incomes between the richest and poorest countries listed.  

This inequality contrasts with incomes in the year 1600 and earlier, when the 
estimated average per capita GDP differences between the different countries of 
the world were smaller, varying only by a factor of about three. Even in 1820, the 
richest country was perhaps only around five times as wealthy as the poorest [27]. 
Also shown in this table are the per capita primary energy consumption and fossil 
fuel CO2 emissions for these nations. Like incomes these show a spread of 2–3 or-
ders of magnitude. 

Table 10.1 Income, energy use and emissions per capita in 2007, various countries. Source: [20] 

Country GDP/capita 
(US$ 2000) 

Primary energy use 
(GJ/capita) 

Fossil fuel CO2  
(t/capita) 

Luxembourg 65,000 368 22.35 
Norway 40,500 239 7.85 
USA 37,960 324 19.10 
Qatar 34,550 1,111 58.01 
Kuwait 26,590 396 25.09 
UAE 26,050 495 29.91 
Trinidad & Tobago 15,300 480 21.85 
China 7,650 62 4.58 
Indonesia 3,750 35 1.67 
India 3,580 22 1.18 
Nepal  1,450 14 0.11 
Mozambique 1,330 18 0.09 
Ethiopia 1,150 12 0.08 
Eritrea 860 6 0.11 
Tanzania  690 19 0.13 
Dem. Rep. Congo 660 12 0.04 
World 9,300 76 4.38 

The second difference is that world GDP has experienced high growth rates, 
with the growth since 1950 particularly rapid and sustained. In constant 1990 US 
dollars, world GDP grew slowly from about 0.3 trillion in 1600 to 0.7 trillion in 
1820, and to 2.0 trillion in the year 1900. Despite two world wars and the Great 
Depression, it reached 5.3 trillion in 1950, but then jumped to about 50 trillion to-
day. High growth rates in both population and incomes per capita contributed to 
this unprecedented growth in the 20th century [27]. (Following Maddison, Interna-
tional Geary-Khamis dollars, a form of PPP rates, are used for these GDP growth 
figures.) 
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These outcomes, despite their historically recent origins, have led many to be-
lieve both that very large income disparities are natural, and that economic growth 
will continue indefinitely into the future. For a number of reasons, these beliefs 
are now being challenged.  

Figure 10.2 shows the very high correlation in recent decades between annual 
global primary energy use, as given by BP (2009), and global GDP, again ex-
pressed in constant International Geary-Khamis US$ 1990 [27]. The year 1980, 
the start of the next decade after the two oil crises, was chosen as the starting year; 
from 1900 to 1979, a different, steeper, slope than that shown here fits the data 
better. (The slope of the curve measures the energy intensity of the global econ-
omy.) Nel and van Zyl [40] have also argued that availability of energy constrains 
economic growth. 

 

Figure 10.2 Global energy consumption vs global GDP 1980–2006. Sources: [4, 27]  

Global figures have been used because some OECD countries have been able 
to reduce their energy (and carbon) intensity merely by increasing the share of 
services in their economy, and importing energy intensive manufactured goods 
from newly industrialising Asian countries. For the UK, GHG emissions fell 4.6 % 
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between 1992 and 2004 on a local emissions basis. But when imports and exports 
were taken into account, emissions rose 13.5 % [28]. The UK’s apparent success 
in decreasing carbon and energy intensity cannot be imitated by the world overall. 
Taking a global viewpoint captures countries in all stages of industrialisation, 
from those still largely agrarian, like many tropical African nations, to countries 
like China with a rising share of the workforce in industry, to the OECD countries, 
usually with a declining manufacturing sector. 

10.3 What’s Wrong with the Old Economy? 

At present, the over-riding economic policy objective of nearly all the world’s 
countries is to promote sustained growth of GNP; indeed it is an explicit aim of 
the OECD. The implicit assumption is presumably that such continued growth is 
in the general interest of the populace. Increasingly, this view is being challenged, 
not only by many critics from outside the economics profession (such as [2, 10, 
12, 17, 18, 21, 50]), but by economists themselves [11, 16]. 

The criticisms make two main points. First, these critics argue that GDP per 
capita is an increasingly poor indicator of human welfare. A number of alternative 
indicators have been proposed. Böhringer and Jochem [3] discussed 11 such indi-
cators, including the Index of Sustainable Economic Welfare (ISEW) (now re-
named the Genuine Progress Indicator), perhaps the best known alternative, and 
the Human Development Index (HDI) of the UN Development Program. The main 
differences between conventional GDP calculations and the ISEW is that the latter 
considers items such as income distribution, includes economic activities not con-
ventionally counted, such as household work, and nets out damages caused by 
economic activity, for example, money spent on pollution control.  

This alternative welfare index has been calculated for various years over the past 
few decades for several OECD countries. Values of the index usually peaked be-
tween the late 1960s and the mid 1980s, whereas conventional GDP per capita con-
tinued to increase over time [26]. In other words, after the peak year in ISEW in a 
given country, the two indicators gave contradictory information. Given that GDP 
per capita is no longer a useful welfare index, the critics argue, it should be replaced. 
The Dutch economist Van den Bergh [57] has pointed out that because GDP is now 
irrelevant for human welfare, it no longer matters whether it grows or shrinks.  

The various alternative economic indicators have their problems too [3], although 
Lawn [26] argued that these can be remedied. But the common conclusion of the 
critics, that GDP is becoming increasingly irrelevant for assessing welfare, receives 
support from other research. Repeated surveys of happiness in various countries, 
both rich and poor, has shown that people’s contentment with life increases until a 
certain material standard of well-being is reached, after which it shows little change 
with further income growth. In the US, for example, real incomes on an average per 
capita basis have risen greatly over recent decades, but reported levels of happiness 
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have fallen [16, 33]. This conclusion ties in well with the stagnation or even fall in 
ISEW calculated for advanced economies in recent decades.  

One reason for declining dissatisfaction might be that employees prefer more lei-
sure time and less work time [44, 50]. This option is hard to achieve in growth-
oriented economies. Swedish researcher Christer Sanne [50] reported on a Swedish 
survey in the 1990s that found that many respondents felt they had no need for a num-
ber of the consumer goods and services common in OECD societies. He also pointed 
out that people were dissatisfied with the unfulfilled promises of consumption, and 
the inability to satisfy needs other than those on offer in the market economy.  

Research on health in the Great Depression in the US lends support to a related 
idea, that GDP growth is not necessary for health improvement. In the depression 
years of the early 1930s, national mortality rates fell, and the general health of the 
population improved [53]. Reduced incomes may actually be beneficial to health, 
a point underscored by the frequent discussions of the ‘diseases of affluence’, in-
cluding obesity. 

The second line of attack on GDP is a very different one. Many critics are 
doubtful that GDP, as conventionally measured, can continue for long the sus-
tained growth it has shown over the post-war period (apart from periodic reces-
sions such as the one that started in the second half of 2008). Central to their ar-
gument is the idea that the human demands on both the Earth’s resources and 
pollution absorption capacity have already, or soon will, outrun the capacity of the 
planet to meet these demands, which are still rising. The various critics make this 
point in different ways.  

For Jørgen Randers [48], co-author of the best-selling ‘Limits to Growth’ book, 
the world is already in ‘overshoot’. By this term he means that the ecological car-
rying capacity of Earth has already been exceeded, but that this condition can only 
be temporary. For example, we saw in Section 3.5.1 that, globally, groundwater is 
already in overdraft – we are annually withdrawing around 200 km3 more than is 
being replenished. Clearly, this annual overdraft is not sustainable in the long-
term. A similar point could be made about soil fertility losses from wind and water 
erosion, or biodiversity declines.  

Another well-known way of making this point is by use of the Ecological Foot-
print (EF) analysis [23]. EF analysis not only attempts to compare different regions 
and countries for their comparative demand on Earth’s bio-capacity at any particu-
lar time, but also attempts to see how this demand varies for different regions, 
countries, and the entire Earth over time. EF is the area, usually calculated on a per 
capita basis, of biologically productive land and water needed both to meet human 
demands for energy, agricultural and forestry products, and to absorb the resulting 
pollution, particularly from GHG emissions. For the globe overall, a recent calcula-
tion suggested that human demand presently exceeds the sustainable bio-capacity 
of the planet by 30 %, and that this disparity is growing over time [23]. The EF 
concept can be criticised, but it has proved a very useful and easily-grasped idea for 
getting the point about capacity limits across to the public. Climate scientists have 
much to learn from the success of this approach in popularising complex ideas. 
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So we may already be exceeding the limits for Earth’s sustainable provision of 
our ever-rising demands on it. Yet this over-use is today occurring with only a minor 
proportion of the Earth’s growing population living in affluence. What would hap-
pen if, for instance, all the world’s expected population of 9.15 billion in 2050 [54] 
lived at present US standards of material consumption? Instead of 821 EJ per year by 
2050, the primary energy consumption would then be 2,965 EJ per year, and CO2 
emissions about 175 Gt per year, both around six times higher than at present. As 
Table 10.1 indicates, the US does not even rank first in income, energy use or fossil 
fuel CO2 emissions; the highest energy use and CO2 emissions per capita occur in 
the small oil-exporting countries of the Gulf. The table also gives some idea of the 
present large disparity between the richest and poorest countries, with 2–3 orders 
of magnitude separating them on average per capita income and resource use.  

Given that the strong relationship between energy and GDP seems to be a basic 
attribute of our present economic system, can we continue with this system into 
the future? Because we are already exceeding the Earth’s sustainable bio-capacity, 
the critics argue that conventional economic growth cannot continue for long. And 
because GDP, at least in many OECD countries, is no longer an indicator of hu-
man welfare and well-being, this system is increasingly failing to satisfy our 
needs. We argue a new approach is needed, which considers both the nature of 
human needs and the biophysical limits of Earth, and tries to satisfy both. 

10.4 The Human Needs Approach  

What will we use to replace the near-universal aim of GDP growth? Our answer is 
that we need to adopt a human needs approach. This approach has as its focus the 
needs all people have for an adequate diet, potable drinking water, housing, ac-
cess, sociality, health and sanitation. It seeks to devise new ways of meeting these 
demands with lowest demands on energy and materials, and with minimum human 
and environmental costs [35]. Many of the techniques needed to minimise the en-
vironmental costs will be similar to those discussed in our earlier chapters on RE 
and energy efficiency.  

We have previously described this approach as one intended to maximise the 
‘social efficiency’ of energy [35], where social efficiency is defined as the social 
benefit obtained per unit of energy. The social benefit derived by this energy is 
measured by how well our human needs are met. The approach differs from the 
conventional definition in not necessarily accepting as given the intensity of use of 
the energy- and material-consuming devices commonly found in OECD econo-
mies. All energy and materials use would now be directed toward first meeting the 
human needs of all the world’s people, not in fuelling economic growth – no mat-
ter how efficiently it was done. 

But what are the chances for achieving this aim, given how entrenched the 
GDP concept is among policy circles and academic economists, and how impor-
tant continued economic growth is for business? There are some grounds for hope, 
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even in the short term. The UN Millennium Development Goals (MDG), as 
adopted by the UN in 2000 with the date for achieving them set as 2015, are as 
follows [56]:  

• eradicate extreme poverty and hunger;  
• achieve universal primary education; 
• promote gender equality and empower women;  
• reduce child mortality;  
• improve maternal health;  
• combat HIV/AIDS, malaria and other diseases;  
• ensure environmental sustainability;  
• develop a Global Partnership for Development.  

With the possible exception of the last, rather vague, goal, these are all good 
examples of attempting to satisfy human needs. Further, as discussed above, the 
HDI, an alternative welfare indicator, was developed by the UN Development 
Program for comparing different countries. Alternatives to the GDP are no longer 
confined to the margins. 

Can these measures be directly used to indicate the level of energy necessary 
to provide for our human needs? Ruben Dias and colleagues [13] showed that 
a power target of 1.0 kW per person corresponded to countries with an HDI in the 
mid-range of the ‘moderate human development’ classification. One problem with 
this type of comparison is that it assumes a particular relationship between income 
and satisfaction of needs, one which we have already argued needs revision. Fur-
ther, determining a country’s energy needs will depend on, among other things, its 
history, culture, income level, climate and resources [46], so energy needs can 
vary greatly among countries with similar HDI values. 

Also, varying the chosen HDI level yields greatly varying energy values. 
Daniel Spreng [52], for example, suggested we aim for a 2 kW per person target 
and although this doubled the energy needed, it merely shifted the HDI nearer to 
the top of the countries classified as having ‘medium development’. Thus, while 
these classifications serve a useful purpose in comparing one country with an-
other, they cannot generally be used to provide a direct measure of the relationship 
between energy and human needs. 

Irrespective of the form of this relationship, it is clear that we will have to re-
duce our energy consumption greatly if we are to limit the damage to our climate 
and the environment in general. Rather than focus on how much energy is actually 
required, we need to determine how we can meet our human needs with the mini-
mum amount of energy expended, that is, we must seek ways of maximising the 
social efficiency of energy. 

We can best illustrate how this approach would work by discussing some case 
studies. We have selected human settlements and their transport needs for more 
detailed discussion. Bear in mind that particularly in the transition to a low energy 
carbon neutral future, how human needs are met will vary greatly from country to 
country. The focus here is on the high income OECD countries; the changes to 
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OECD lifestyles will be much greater than in low income countries because the 
necessary reductions in energy and materials use, and in GHG emissions, are so 
large (Table 10.1). In 2007 annual per capita energy use in the OECD was 194 GJ 
[20] (equivalent to an average per capita power consumption of around 6 kW). In 
contrast, the poorest countries will need to see some rise in energy use and vehicu-
lar travel levels.  

10.5 Human Settlements Case Study 

Looking at how human settlements might be modified to fit in with our human 
needs approach enables us to see how the proposed alternative would work in an 
integrated way. It highlights potential conflicts that may arise, for instance, be-
tween approaches whose main focus is on reducing urban travel energy and emis-
sions, and a more systematic approach to sustainable communities. But prior to 
this we must first consider whether the future in a carbon neutral world is likely to 
be an urban one. 

10.5.1 Is the World Future Urban? 

According to the majority of researchers, the future of the human race is urban. 
Today, one-half of the world’s population lives in urban settlements, compared 
with only 29 % in 1950 [55]. By 2030, the UN expects 60 % to live in cities, and 
that the entire growth in net world population will be in urban centres. In rural ar-
eas, natural population growth will be offset by migration to urban areas. In many 
countries today, mainly, but not only, in the OECD, the level of urbanisation ex-
ceeds 80 % of the population.  

Not all researchers agree with this rosy view of the urban prospect. American 
environmentalist David Orr [45] has seen large cities as an ‘aberration’. In direct 
contrast to the UN view, he argued that ‘long before 2030 the trend toward ever 
larger cities and an increasing ratio of urban-to-rural dwellers is likely to have re-
versed.’ The present trend will reverse both because large cities have high re-
source and ecological costs, and because beyond a certain size, cities will become 
‘unmanageable’. 

So, do large cities have a future or not in an environmentally sustainable world, 
and if so, in what form? Cities have enormous staying power: humans have been 
living in cities for thousands of years, and some of today’s large cities (Athens, 
Cairo, London, Rome) are several millennia old. Cities have such staying power 
partly because of the long life of buildings and urban infrastructure. On the other 
hand, many ancient cities have been abandoned, and in the future we may have to 
abandon others because of either rising sea levels – or a shortage of water [5]. In 
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any case, only a very small proportion of the total world population in previous 
centuries resided in cities. 

One approach to answering this question is to investigate whether or not cities 
are less sustainable than smaller settlements. A complicating factor is that glob-
ally, rural residents are much poorer than their urban counterparts. Even in Austra-
lia, incomes per capita are appreciably higher for metropolitan city residents than 
for non-urban residents. When adjusted for income differences, Australian non-
urban residents appear to have higher per capita levels of both vehicular travel and 
domestic energy consumption. Those smaller settlements that have reticulated wa-
ter also have water greater consumption per capita than metropolitan areas. They 
also generate more waste per capita [30].  

In brief, in Australia at least, smaller settlements are even less sustainable than 
large cities, so moving to smaller settlements will not in itself provide a solution. 
Cities do have a future, but it appears that we will have to modify both cities and 
smaller settlements for ecological sustainability. Nevertheless, present cities vary 
greatly in size, from the minimum size definition of 50 thousand used by some 
countries to the world’s mega-cities of 20 million or more. David Orr’s objections 
may well have force for very large urban populations.  

What form should the modification of our cities take? Do we just change the 
urban form, the physical structure of our cities, or are the changes needed mainly 
to do with how we live? A vast amount has been written on ecologically sustain-
able settlements, a number of so-called ecocities have been designed, and some 
are being constructed. William Rees [49] has viewed mainstream solutions such as 
the push for green buildings and the new urbanism as of no help, given the magni-
tude of the problems we face. Indeed he has argued that such initiatives may even 
make the problem worse.  

One popular approach to sustainable urban design for existing cities is to raise 
the overall urban density. A comparison of the world’s major cities shows that cit-
ies with higher urban densities (in residents/km2) have lower vehicular travel per 
capita, and a higher share of public transport in this total. Their transport energy 
use and transport emissions per capita are thus much lower. One important reason 
for the lower levels of car travel is the low provision of road space, which raises 
congestion and reduces average car travel speeds. Parking places for cars (as a 
fraction of central area workplaces) are also lower in the central areas of dense cit-
ies. Any increases in urban activity (both population and workplace density) 
would preferentially be concentrated around public transport stops, particularly 
railway stations [42, 43]. Provision of services to buildings might also be cheaper, 
provided the existing utilities in the area have spare capacity.  

The idea has proved controversial. It is one thing for cities largely formed in an 
era before car travel to have high urban densities and traffic congestion, but an-
other to deliberately raise to much higher levels the density and congestion level 
of existing car-oriented cities. Heritage considerations, which support retention of 
urban fabric in high-density cities, now work against the densification of existing 
low-density cities. And an examination of Australian cities has shown that even a 
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doubling of the density of the lower-density cities to that of Sydney, the city with 
the highest urban density in Australia, would only have a negligible impact on per 
capita car travel [39].  

And it may all be unnecessary. If, in densely populated cities, the lower con-
venience of car travel (the result of lower travel speeds, higher congestion, re-
duced parking opportunities) explains their reduced vehicular travel overall, these 
measures can be directly legislated without the need for extensive modification to 
urban form [32]. The latter approach would be very unpopular, but so would the 
doubling or more of density in existing urban areas. These measures could also be 
implemented much more rapidly than urban density changes, given that buildings 
and urban infrastructure have a lifetime of 50–100 years.  

The most important criticism of the urban densification idea may be that it im-
plicitly assumes transport reductions are central to solving our energy and global 
warming problems. But if we are to successfully tackle both these challenges, all 
aspects of urban living will have to be modified. The types of work (and the loca-
tions of workplaces) of our existing cities may be a poor guide to the low energy 
and resource use societies of the future. As mentioned in Chapter 4, ‘stationarity’ 
– the assumption that the past will be a reliable guide for future planning – needs 
revision. Above all, we will need to be adaptable, modifying how we use the city – 
its buildings and its infrastructure – as circumstances change. We might need to 
re-invent local corner stores. Instead of the large variety of near-identical products 
that line the shelves of our supermarkets today, we may see small local shops em-
bedded in residential areas, carrying a simplified range of products.  

Paradoxically, the relatively low density (and much-maligned) car-oriented 
suburbs typical of North American cities and Australia may even prove to be of 
some value in the future. Future cities may need to see more own-provision of 
food and water, and perhaps even some energy. Roof-top PV cell systems are be-
coming common, with Germany and Japan in the lead. Growing food such as fruit 
and vegetables in cities is not a new idea, and is already being revived in some cit-
ies. Already, Australia’s major cities are experiencing water shortages, a conse-
quence of both their rapid population growth and – for Melbourne – a shift to a 
lower rainfall regime. Installation of domestic rainwater tanks by urban residents, 
once banned, is now being encouraged by the authorities. Since on-going climate 
change could see lower rainfall in many urban areas, many other countries may 
need to promote rainwater collection. Lower density living would help in imple-
menting all these initiatives. 

10.5.2 Transport in the Transition and Long-term 

Vehicular travel, almost non-existent before 1900, grew rapidly in the post-war 
period, as Figure 10.3 shows. Nearly all the growth in recent decades has been for 
private car travel and, to a lesser extent, air travel. Travel is projected to continue 
its strong growth into the future, according to the IPCC [22]. Given our discussion 
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of the future of human settlements, what will future transport, both urban and non-
urban, look like?  

 

Figure 10.3 World vehicular travel and car population, 1900–2007. Sources: [22, 31, 51] 

In Chapter 7, we mentioned that moving to public transport as the dominant 
mode would enable disproportionate reductions in transport energy use and emis-
sions. Although public transport may only be 2–3 times as efficient as car travel in 
terms of primary energy use per passenger-km, this is not the full story. The pat-
terns of trip making, and even the levels of overall per capita vehicular travel, are 
not independent of the dominant mode used to meet these travel demands. We ar-
gued previously [34] that in the presently car-oriented OECD countries, per capita 
travel levels would be much lower in settlements in which public transport re-
placed the car as the main travel mode. Before we detail this argument, we need to 
consider a very different approach to transport reduction, using the new IT. 

Building on the advances of the new IT in recent decades. Mitchell [29] and Pel-
ton [47] envisaged transport being made largely redundant by substitution by IT. A 
popular book by Frances Cairncross even carried the title ‘The Death of Distance’ 
[8]. Work, shopping and education trips would in future be replaced by telework, 
teleshopping, and tele-education. Is this replacement likely in the coming decades? 
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Opportunities for such substitution have been available in the past. Even before the 
telephone, mail–order catalogues made tele-shopping possible, and mass owner-
ship of telephones enhanced the possibilities, enabling an instantaneous two-way 
link between buyers and sellers. (In any case, physical transport is still needed to 
deliver the goods purchased on-line to the customer’s house.) Similarly, corre-
spondence courses were the precursors of the ‘cyber-university’ [32]. 

Yet, as we have seen (Figure 10.3), these possibilities appear to have made no 
perceptible dent in the ever-rising demand for travel. Even the rise of the Internet, 
which has now been with us for a decade and a half, has not reduced travel. It is not 
difficult to see why. New forms of communication appear to simultaneously substi-
tute for some trips, but at the same time encourage others. (The Internet makes it 
easy to stay in contact with friends who have moved away; such contact may lead 
to long-distance trips to visit them.) Further, the possibility of teleworking for 
some people may lead to them relocating to peri-urban areas for a more rural life-
style. But peri-urban residents on average travel more than urban dwellers [30]. 
Work travel may decrease, but may be more than compensated by non-work travel.  

We conclude that as long as vehicular travel is fast and comparatively cheap, 
IT will not reduce vehicular travel, any more than the telegraph or the telephone 
did. But as we have argued, vehicular travel may be neither cheap nor fast in the 
coming decades. IT cannot save a business-as-usual society from the high energy 
and GHG costs of travel, but it may well be one of the several ways in which we 
will adapt to a low-transport future. Personal travel is unlikely to join the slide 
rule and the typewriter as a victim of the new IT. Instead urban travel, energy and 
emission reductions will require the active replacement of the present dominant 
OECD travel model. 

The transport history of Australia’s major cities is instructive here. In 1947 in 
Australia’s largest cities, petrol rationing was still in place, and almost 80 % of 
vehicular transport was by public transport, mainly electric trams and trains, with 
the remaining 20 % by private transport. Yet a mere 15 years later, 80 % of travel 
was by car; and by the early years of the present century it had risen to about 
90 %. Not only did the car replace public transport as the dominant mode, but per 
capita vehicular travel levels rose as well. In Melbourne, Victoria, a city of 
1.2 million population in 1947 and 4.0 million today, travel grew from around 
3,630 pass-km per capita in 1947 to nearly four times that level in 2008 [7].  

True, incomes also rose greatly over the period, but a comparison of travel 
growth and GDP growth showed that growth of incomes in the 15-year transition 
period after 1947 can only explain some of the urban travel growth; vehicular pas-
senger-km per dollar of income greatly increased [27, 41]. So most travel growth 
must be attributed to other factors, especially mode shift. Car travel is far more con-
venient than other travel modes; it is much faster door to door (especially for non-
central destinations). It allows luggage to be easily carried. It affords flexibility in 
both time of travel and destinations, because every building is connected by the 
road network to every other building, allowing access everywhere around the clock. 
An increasing share of car travel today is for chauffeuring passengers, often school-
children, a category that is largely a product of the car-oriented transport system. 
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The other change that occurred was the shift in urban travel patterns. In 1947, 
vehicular travel in Melbourne and other Australian cities was strongly oriented 
toward the city centre, since most workplaces, shopping expenditures and major 
centres for sports and entertainment were in the inner city area. Many trips were 
done locally, visiting local shops and friends, but most of these short trips were by 
non-motorised means. Today, travel destinations are far more dispersed over the 
urban area [32, 34]. There is a far better balance in each area of the city between 
workplaces and workers, shops and shoppers. Levels of personal travel could have 
been reduced, given this better balance. Instead, as we have seen, it rose fourfold. 
Most of this rise has been for discretionary trips such as shopping or social trips, 
rather than for non-discretionary work or education trips. 

This brief outline of Australian urban transport history suggests that a change 
back to public transport modes and ‘active’ modes (walking and cycling) could 
yield large reductions in per capita travel, and with it, oil use and emission reduc-
tions. (Our approach may benefit from technological advances, but unlike many of 
the technical fixes discussed in Chapters 5–9, does not rely on them for success. 
After all, electric public transport, buses, and cycles have now been in use for over 
a century, and walking is as old as humanity.) Because of the better local balance 
between residences and destinations such as workplaces, shopping centres and en-
tertainment centres, many urban trips today, as in decades past, can be readily 
made by active modes – walking and cycling. Further, if the car ceases to be the 
dominant mode, vehicular trips will be more carefully planned, and trips com-
bined to offset the lower overall speeds of public transport.  

With the changes advocated here, some benefits that people presently get from 
private travel would be lost, such as privacy, protection from the weather, and the 
psychological benefits of driving. Nevertheless the change would bring its own 
benefits, which eventually might come to be seen as out-weighing those of the car-
based system it would replace. Consider the positive effects on health. With far 
fewer vehicles on the roads, fewer traffic casualties would result. If allowable 
speeds for remaining road vehicles were also to be greatly reduced, injury severity 
in the remaining collisions would also be lessened, as severity rises non-linearly 
with higher speeds.  

Nor are significant speed reductions totally utopian; the city of Graz in Austria 
has a 30 km/hr speed limit for all residential streets and roads near schools and 
hospitals, with 50 km/hr for the remainder of the urban road system. Active travel 
modes could now be readily made safer and less stressful, and their more wide-
spread use would enhance both human health and fitness levels [34, 39].  

The main reason for advocating mode changes is the very large cuts in transport 
energy use and GHG emissions they would provide. But they would also allow re-
ductions in air and noise pollution, and in community severance from heavily traf-
ficked arterial roads, which works against any attempts to build community. Much 
urban land presently used for car-parking, and even some road space, could be freed 
up for other uses. Further, the new system would be far more equitable, for two rea-
sons. It would not only be cheaper for households than a car-based system, but it also 
would not restrict access for those with a driving licence, as is presently the case. 
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In large urban settlements, localisation of activities will be increasingly needed. 
People will work, shop, recreate and socialise more and more at the local level. 
Such localisation will in turn require local areas to be more attractive, and to de-
velop a ‘sense of place’ and a sense of belonging in residents. We will have to 
start thinking creatively about how to design areas for humans, rather than focus-
ing mainly on traffic flow, our current preoccupation. The changes will also need 
to be implemented very quickly, as time is important if we are to avoid the twin 
problems of oil depletion and transport’s contribution to climate change. Impend-
ing oil shortages and the resulting fuel cost increases could act as a catalyst for 
change, and make its acceptance more likely.  

It is not enough to describe our preferred approach and list its advantages; we 
must also explain how such a shift could be realised. What are the options here? 
Transport oil consumption and emissions can in principle be reduced to any level 
desired (and in a short time frame) by applying sufficiently high road use taxes or 
fuel prices. Given continued depletion of global oil reserves, further externally-
imposed price rises for fuel are likely, leading to reductions in petrol use and asso-
ciated emissions. But relying on market-based approaches alone for very large 
cuts in emissions would be inequitable in the high-mobility countries of the 
OECD, because even low-income households usually own vehicles. Moreover, in 
Australian cities, at least, outer suburban residents not only have lower average in-
comes, but also greater travel needs, and lower access to public transport, com-
pared with those closer to the city centre [34].  

A more equitable approach could include government policies such as much 
lower maximum road speeds, traffic-free precincts and greater parking restrictions 
in the inner areas, an end to further arterial road building, provision of extra public 
transport services (particularly in the outer suburbs) and incentives for alternative 
travel modes. There is a relatively successful Australian precedent for non-market 
solutions: in response to very low volumes in Melbourne’s water reservoirs, the 
state government has imposed restrictions on some categories of water use, rather 
than resorting to much higher costs for water. 

Transport reduction is different from other energy-consuming sectors in that 
synergistic effects come into play to a far greater extent than is possible elsewhere. 
Individuals can readily reduce their use of domestic energy or water, even if their 
neighbours don’t. Conversely, if the entire neighbourhood cuts their water use, it 
doesn’t much help an individual household in the neighbourhood reduce its own 
water use. But if, as we advocate, local shopping centres are used more inten-
sively, the range of goods and services offered for sale will improve, most likely at 
the expense of the presently popular, drive-in centres. If public transport patronage 
rises greatly, service frequency will also rise, and so will service coverage. The 
latter could initially occur using buses, but in the longer term could be replaced by 
fixed-rail transport, if patronage justified it. For transport, government interven-
tion will be crucial for success in changing to a new transport ‘logic’. Voluntary 
travel reduction schemes have not been very successful [39]. 

It must be stressed that what precise form the urban transport system takes will 
depend greatly on what form urban living practices take in the future. As men-
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tioned, many of the present jobs, and thus workplace locations, may become obso-
lete in the future, including many of those in financial services, property and ad-
vertising areas. Many trip types presently made by fixed-rail could vanish. How-
ever, since typically only 5–20 % of all vehicular travel in OECD cities outside 
Asia is by public transport modes, a near-total shift to alternatives to private travel 
should see their overall patronage rise. Bus travel will have an important role in 
the transition to a sustainable future, given the ease of starting new services on the 
extensive existing arterial road networks. 

We have so far examined only passenger travel, but freight, both urban and 
non-urban, is also important for energy use and emissions, with around a 40% 
share of transport’s global total [22]. There are a number of opportunities for cut-
ting freight transport in cities, allowing not only oil and CO2 emission reductions, 
but also improvements to urban amenity. First, the volume of goods that needs to 
be moved would be less if economic growth was de-emphasised. Tap water, for 
example, would replace bottled water and carbonated soft drinks for quenching 
thirst. Second, in line with our emphasis on localisation, more everyday goods 
would be produced locally, such as fresh bread. Third, if urban freight costs re-
flected their true costs to both the environment and community, the present prac-
tice of carting goods from across the city or even interstate to take advantage of 
minor price differentials would no longer be profitable. 

We need to look beyond urban transport to travel between distant settlements, 
which today is a fast-rising share of total travel. Air travel, almost non-existent un-
til the coming of jet air services around 1950, now averages about two annual trips 
for the residents of many high-income countries. Per capita air travel in Australia 
and the US exceeds 2,000 passenger-km per year [6, 7]. A new low-mobility trans-
port system would also need drastic reductions in long-distance travel, since there 
is little scope for increasing efficiency by switching modes for overseas trips.  

Reductions could come about through greater use of more local destinations for 
holidays in place of international ones. Rather than the annual event it is for many 
people, an overseas trip might have to become a once-in-a-lifetime experience. 
Not only long-distance passenger travel, but also freight will need to be cut, and 
used mainly for supplying goods that cannot be produced locally, or at least na-
tionally, rather than offering an international range of similar products. A ‘dis-
tance tax’ for goods is one possibility [25].  

With some exceptions, mainly in the Asian OECD countries, similar policies 
should be effective in other OECD nations. But in low-mobility countries, overall 
vehicular travel levels are often already very low, even if unequally distributed 
among the population. Car ownership is often 100-fold less than in OECD coun-
tries. The great majority of their populations have never been on an air flight. Pub-
lic transport is often extremely crowded already [34], suggesting that for safety 
and amenity reasons, occupancy rates should be reduced by offering more ser-
vices. Their transport energy use per capita will need to rise.  
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10.5.3 Dwellings 

In Chapter 7 we saw that in OECD countries at least, floor space per resident in 
houses has steadily risen with income and declining household size. For this and 
other reasons urban densities have fallen. The answer is not to demolish existing 
buildings and start again. Buildings require a lot of energy to construct. True, an-
nual energy use in buildings, for space heating and cooling, water heating, lighting 
and appliances can also be large. But as Chapter 7 showed, merely designing en-
ergy-efficient buildings without any change in the attitudes of the users can result 
in energy savings being far lower than planned. Once again, sole reliance on tech-
nical fixes can only take us so far.  

We will need to move away from the idea of total temperature control of build-
ings. In the warmer months, clothing appropriate for higher temperatures will be 
needed inside. Air conditioning, if used at all, will be used to reduce temperatures 
to a tolerable range, not to a uniform 20 ºC. In warmer climates, such reductions in 
electricity will in turn affect the peak loads on the electricity grids. Similarly, in 
cold weather, warm clothing will be used indoors, with heating set at lower levels 
than at present. Lighting will rely more on natural lighting, and empty city build-
ings will no longer be automatically lit up at night. Security lighting will be used 
more sparingly.  

Domestic appliances and office equipment need to be made more efficient, and 
have their standby power needs reduced (or even have this practice discontinued 
for many appliances). More importantly, we will have to live our lives with fewer 
appliances and use them for fewer hours per year. Some are of doubtful merit, par-
ticularly garden leaf blowers and chain-saws for suburban households. The tasks 
they perform could be readily replaced by human powered tools (brooms, bow-
saws). Less use of these noisy devices would also greatly improve the amenity of 
urban life. Lawn areas might be largely replaced by gardens producing food, the 
remaining lawn areas could be maintained by hand-mowers. In general, human la-
bour will be preferred over power devices for domestic work or hobbies that re-
quire little hard labour. Doing things by hand will once again be the default 
method, as it was in the past. 

Refrigeration energy use will have to be reduced. This can be partly achieved 
by designing more efficient fridges with better insulation, and by minimising the 
time the door is open. But it will also be necessary to have no more than one 
fridge per household, and to reduce its size by restricting it to food items that need 
to be refrigerated to prevent spoiling. Cutting down on the use of domestic appli-
ances (and space heating/cooling etc) will have flow-on effects on industrial pro-
duction and its energy/material needs. It will have a double effect on overall en-
ergy production, because both manufacturing energy and operation energy for the 
appliances will be reduced.  
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10.6 Toward a Carbon Neutral Civilisation 

Effective mitigation of climate change is urgently needed, and the human needs 
approach advocated here is a possible solution, that, given the needed political 
will, could be rapidly implemented. We do not think that such change will occur 
voluntarily. As one cynical commentator put it: ‘Humans can be relied upon to do 
the right thing after all other avenues have been explored.’ Most probably, change 
will come about because all other options have been foreclosed.  

It is possible that oil supply difficulties will be the catalyst for wide-reaching 
changes in the way we live. An additional benefit of such change would be to ease 
pressures on fossil fuel reserves, and international competition for them [24]. 
Many will see our proposal as hopelessly utopian, but what is the alternative? To 
further demonstrate the necessity of an approach like ours, we outline below the 
likely future if we try to continue with a business-as-usual world.  

Global economic growth can continue for some time, because it is possible to 
temporarily overshoot the sustainable bio-capacity of Earth. Here we have focused 
mainly on the energy and climate change aspects, but there are several other di-
mensions of non-sustainability, as discussed in Chapter 3. As energy use rises in 
line with GDP (Figure 10.2), the energy costs of energy production will also rise – 
the energy ratio will fall. Most of these costs, for instance the energy costs of 
building a fossil fuel power station or a wind farm, must be paid before any energy 
is produced from the project. Some of these energy costs can be delayed, for ex-
ample, the decommissioning of energy plants, or nuclear waste disposal, but they 
are usually a minor share of the total input energy. 

The unpaid environmental maintenance costs of fossil fuel combustion, and of 
many of our agricultural and industrial practices, are in a different category. These 
unpaid costs include those resulting from excess levels of atmospheric GHGs, 
from soil erosion, and from biodiversity loss. They can be delayed for some time, 
and often are, but in the end, the debt must be paid if the bio-capacity of the planet 
is to be maintained. Some argue that the accumulated levels of CO2 (and other 
GHGs) in the atmosphere are already near, or are even at levels that will cause 
‘dangerous anthropogenic change’. Additional decades of high emission levels can 
only exacerbate the problem. At our recent rate of emissions, CO2 levels could rise 
above 550 ppm by 2030. 

If geoengineering is ruled out because of its risks and political implementation 
problems, air capture remains as the only way of countering the effect of past 
emissions. But as we have seen in Chapter 8, air capture will have very heavy en-
ergy costs. These costs are an example of the unpaid ecosystem maintenance costs 
of fossil fuel combustion and land use change, expressed in energy terms.  

The result? At a time when the energy question is becoming of mounting con-
cern because of both exhaustion of conventional fossil fuel reserves, and the high 
economic, energy and environmental costs of using the remaining resources, there 
would be an increasing need to use much of the hard-won alternative energy 
sources to pay off our past ‘carbon debts’. Very little energy would accordingly be 
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available for meeting the needs of a larger population for energy services. CCS 
from concentrated streams of flue gases has much lower energy costs than air cap-
ture, but given the difficulties in underground storage, little of this CO2 is likely to 
be captured; we are unlikely to be able to meet the targets outlined in Section 10.1. 
Even at its most optimistic development rate, the timescale for effective imple-
mentation of CCS is such that we will capture and bury only a small fraction of 
the carbon emitted from power stations over the next few decades.  

 

Figure 10.4 Possible variation of primary, net, and green energy over time 

Figure 10.4 shows schematically the various types of energy we have just dis-
cussed, and their possible variation over time. From the global primary energy 
curve we have to subtract the energy costs of energy, in order to obtain net energy. 
From this net energy curve we also need to subtract the ecosystem maintenance 
energy costs, of which the largest component will be for air capture. It will also 
cost energy to prevent other environmental damages, such as air and water pollu-
tion. The remaining energy we call ‘green energy’, which is the genuinely sustain-
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able energy that is available to fuel our economies. As indicated in the schematic 
graph, it is likely that this green energy can grow for some time, but will then peak 
and start falling. So global primary energy production may continue to grow, but 
the amount available to satisfy human needs may fall. This divergence is very 
similar to the divergence of measures for conventional GDP and alternative eco-
nomic indicators, as discussed in Section 10.3.  

A simple calculation gives us an idea of the size of this unpaid energy cost. At 
around 75 EJ per ppm CO2 reduction by air capture, maintaining our current at-
mospheric concentration of CO2 would require all the 150 EJ annually produced 
from wind and solar under the optimistic assumptions presented in Section 10.1. 
Should atmospheric CO2 rise to 550 ppm by 2030, 11,250 EJ would be required to 
reduce CO2 to a safe level of 400 ppm. Even this high energy value assumes we 
stop emitting CO2 after 2030. Given that we currently produce only 17 EJ from 
modern RE sources [37], and the future rise in both RE and nuclear is expected to 
be modest, it is very difficult to see how this environmental energy bill could be 
paid off. If it is not, conditions on Earth will continue to deteriorate, with adverse 
effects on agricultural output – and even renewable energy production. 

So much for continuing with the old path of economic growth at all costs. What 
then are the benefits of a more general adoption of the human needs approach by 
OECD countries? Perhaps the most significant would be the signal given to the 
rest of the world that continuation of the present high consumption trajectory is an 
illusory future, one that could either only be maintained by a small proportion of 
the Earth’s population (or if adopted by all humankind, only for a short time.) 
There would also be advantages for residents of high-income countries. Satisfac-
tion of their human needs is presently a haphazard affair, depending upon whether 
it contributes to economic growth, not to the improvement in more relevant indi-
ces for human welfare.  

Our case study tentatively explored what human settlements in presently high-
income countries might look like in a society adopting a human needs approach, 
which is an essential part of what we have termed a Carbon Neutral Civilisation. 
As we have repeatedly stressed throughout this book, the future will hold many 
surprises, making planning for the long-term future very difficult. Given the lon-
gevity of physical infrastructure, an obvious approach is to try to adapt what is al-
ready there to the needs of sustainability. Our research has shown that this is in-
deed the best approach. Rebuilding our cities is not necessary – although it is hard 
to see what future use central city skyscrapers could have. What is needed is a pro-
found change in the ways we use our existing settlements and their infrastructure. 
The intensity of use of existing buildings will change, as will the types of work 
done and their locations. 

For poorer countries the benefits are evident. In the absence of very major 
technical breakthroughs and limited renewable energy, an equitable and sustain-
able future implies a roughly fixed quota of both resource use such as energy and 
emissions of pollutants. A large reduction in resource use and greenhouse gas 
emissions by presently wealthy countries would allow greater energy consumption 
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in very low-income countries. We emphasise that the extra energy use would not 
be to enable imitation of present OECD energy use patterns. And as we have ar-
gued elsewhere [35], even in a more equitable world, continued global population 
growth can only result in steadily diminishing quotas of both energy and GHG 
emissions for all.  
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Chapter 11  
Conclusions 

11.1 Introduction 

In this book we have argued that we will soon have to move to a Carbon Neutral 
Civilisation, and one based on the satisfaction of human needs, because of a com-
bination of serious environmental and resource challenges, including depletion of 
conventional fossil fuels and global climate change. Previous chapters have shown 
that no combination of technical mitigation solutions can deliver an ecologically 
sustainable society if economic growth continues. 

Section 11.2 reviews the main arguments we have made in Chapters 1–9 of this 
book. In Section 11.3 we provide a brief look at what is likely to be in store for us 
if we don’t make major changes to the global economy. We do this by discussing 
what changes we could expect in a world 4 ºC warmer than the preindustrial tem-
perature. This interlude is meant to be a reminder that however radical the changes 
to the economy we are proposing seem, we really have little choice. The conclud-
ing Section 11.4 then returns to the themes we developed in Chapter 10 regarding 
our views of the new economy. 

11.2 A Brief Review of the Main Themes 

Throughout the various chapters of this book, we have presented both the numer-
ous environmental and resource constraints the world faces, together with an 
analysis of the various proposed solutions for two of them: fossil fuel energy de-
pletion and global climate change. Overall, our analysis suggests that the optimis-
tic worldview in which technology gets us out of the mess we have created, with-
out the need for a profound rethinking of how we should live our lives, is not 
warranted. Here we gather the most important of these points together: 



206 11 Conclusions 

• Atmospheric CO2 concentrations are now the highest they have been for nearly 
one million years, and possibly much longer. CO2 levels are now approaching 
390 ppm, but some climatologists consider that avoiding dangerous climatic 
change will require us to cut back levels to around 350 ppm. We now know 
that, in the past, the world’s climate did not usually change gradually under 
climate forcing. Ice cores from Greenland and other evidence show that abrupt 
temperature changes could occur in time scales of a decade or even shorter. 
Abrupt changes can also occur in ecosystems as their environment changes, 
perhaps as a consequence of local climate change. Such abrupt, non-linear 
changes make prediction of both future climate and ecosystem states increas-
ingly difficult.  

• Global population is nearing seven billion, and seems set to reach over nine bil-
lion by 2050. Yet at the beginning of the 20th century, it was only 1.5 billion. 
The ‘hockey stick’ graph showing global warming over the past millennium 
has been controversial, yet nobody doubts the much more pronounced popula-
tion hockey stick shown in Figure 3.2.  

• This rapid population growth, along with rising per capita incomes, has put 
heavy pressure on fresh water resources, soils, forests, as well as the reserves of 
minerals, both energy and non-energy, vital to the world’s economies. Heavy 
pressure has similarly been put on all non-human life; species are being driven 
to extinction at a rate 100–1000 times the background extinction rate. It is es-
timated that 30 % of all mammal, bird and amphibian species are at risk from 
extinction this century. 

• The Earth is likely already in overshoot – we have probably already exceeded 
the bio-capacity of our planet. Each year human demands on the Earth’s natural 
resources grow, but bio-capacity is steadily reduced by expanding pollution 
outputs such as GHGs and nitrates, which threaten to soon overwhelm the 
Earth’s natural ability for pollution absorption. It follows that both use of natu-
ral resources and levels of pollution release will have to be reduced for ecologi-
cal sustainability. 

• The share of fossil fuel energy sources in electricity generation has been rising 
for decades. In recent years, their share in primary energy use overall has also 
been rising. We have not matched our pious words about renewable energy 
sources with suitable actions. Soon we may be forced to do so, because of local 
and global depletion of conventional fossil fuels.  

• Conventional oil production appears to have already peaked. Some argue that 
production from all oil sources, both conventional and non-conventional, has 
also already peaked, or will do so in a few years. We will then enter the second 
half of the Age of Oil, with ever-declining annual use of oil on a per capita ba-
sis [3]. Conflicts over resources could worsen. The monetary and environ-
mental costs of all fossil fuels look set to rise in the coming decades as we in-
evitably increase our reliance on non-conventional sources.  

• Given the disparity between per capita energy consumption in various coun-
tries, there is a huge unmet demand for energy, should all countries wish to at-
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tain the present high-energy lifestyles of the OECD countries. For example, if 
the entire world’s estimated mid-year 2010 population of 6.83 billion used oil 
at the same per capita level as the US in 2008, total world consumption would 
be 159 billion barrels annually, compared with actual use of about 31 billion 
barrels. Yet estimated global reserves (even including an allowance for Cana-
dian oil sands) were only 1409 billion barrels – or nine years supply at US con-
sumption rates [5]. Even nine years may be optimistic, if OPEC reserves, as 
some suspect, have been over-estimated. 

• RE sources can be divided into those that can produce energy on a continuous 
basis, like biomass and geothermal energy, and those that can only supply en-
ergy intermittently, the most important being wind and solar energy. The only 
RE sources that have sufficient technical potential for replacing fossil fuels are 
all intermittent. Because ‘baseload’ energy sources, whether fossil or RE, will 
inevitably form a declining share of total energy, and because final energy in 
forms other than electricity are needed, conversion of intermittent RE into other 
energy forms, perhaps hydrogen, will be required, along with energy storage. 
This storage and conversion could halve the final energy available for end-use 
(see Chapter 5). Some technologies for new energy sources rely on elements in 
scarce supply. This is especially true for a number of actual and proposed PV 
cell types, as well as platinum catalysts for hydrogen fuel cells. Further, on-
going climate change, as well as continued population growth, will adversely 
affect the future potential of several important RE sources, in particular hydro 
and biomass energy. 

• Both because the world’s nuclear reactor fleet is ageing, and the costs for con-
struction of new reactors have escalated, as explained in Chapter 6, nuclear 
power will be hard-pressed even to maintain its current global output in coming 
decades. Given the limited global supply of uranium reserves, fast (breeder) re-
actors will have to take over from conventional thermal reactors if nuclear 
power is to have a long-term future. Fast reactors are inherently more difficult 
to operate than thermal reactors, as demonstrated by actual experience in their 
operation, and require repeated reprocessing of spent fuel to extract plutonium. 
Reprocessing would greatly raise the risk of plutonium diversion for clandes-
tine nuclear weapons programmes [1]. 

• When averaged over recent decades, the carbon intensity of the global econ-
omy (a measure of CO2 produced from fossil fuel combustion per unit of GDP) 
has steadily fallen, yet total CO2 emissions continue to grow, suggesting a lim-
ited role for fuel replacement for GHG mitigation in a global economic growth 
system. Further, as shown by Figure 10.2, the energy intensity of the global 
economy has not changed in decades, so that any rise in GDP has been matched 
by a rise in primary energy use. This experience suggests that we cannot expect 
improved energy efficiency to reduce total energy consumption in the context 
of a global growth economy. The future climate we will have to live with will 
be determined by the concentration of CO2 and other GHG molecules in the 
atmosphere, not by economic parameters such as carbon intensity. 
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• Technical fixes like CCS or air capture are only intended to address the global 
climate change question, not other environmental problems or energy scarcity. 
CCS and air capture have long lead-times for implementation on a meaningful 
scale. CCS can only be practically applied to the current CO2 emissions from 
major fossil fuel plants, so at best it can reduce atmospheric levels of all GHGs 
only marginally. Air capture could potentially lower atmospheric GHGs to any 
desired level, but has heavy energy costs that would rule out its use in an en-
ergy-constrained world. Both approaches involve permanent CO2 burial, with 
possible constraints because of limits on safe injection rates, and citizen oppo-
sition [19]. 

• Like CCS and air capture, geoengineering does not address other environ-
mental problems or fossil fuel energy depletion, but on the other hand, many 
proposed geoengineering schemes could be rapidly and relatively cheaply im-
plemented. A crucial drawback is that these schemes would lower precipitation 
as well as temperatures. Ocean acidification would also worsen as CO2 contin-
ued to be absorbed into the oceans, with possibly severe consequences for 
ocean ecosystems. Because of these and other drawbacks, geoengineering 
schemes would raise immense political problems, which would delay imple-
mentation. Both geoengineering (and carbon sequestration) might also lead to 
moral hazard, in that both the public and policy-makers could come to believe 
that there is a ‘backstop’ technology that can save us if more conventional 
mitigation measures are not vigorously pursued.  

• The time frames for action are short. Declines in oil availability at prices 
economies can tolerate are likely to occur in less than a decade. If emission 
levels continue at anything like their present rates, irreversible serious climatic 
change could occur in a matter of a few decades. Since other serious environ-
mental changes (such as ocean acidification, perturbation of the nitrogen and 
phosphorus global cycles, biodiversity loss) could also be close to their tipping 
points, the chances of one or another of these occurring soon must be rated as 
significant. On the other hand, past history suggests that it could take many 
decades for us to replace our present fossil fuel-based energy system with al-
ternatives [13]. After a full half-century, nuclear power has only gained a 6 % 
share of world primary energy consumption. 

11.3 What if We Continue Our Present Path? 
(A Look at a World 4 ºC Hotter) 

What if the world becomes 4 ºC warmer? The IPCC and others predict this could 
happen this century if we continue to take no action on climate change. Several 
writers have explored this question, and their findings are not encouraging. Based 
on the results of a number of research groups [4, 8, 17], here is a sample of what 
we might expect: 
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• An average 4 ºC temperature rise would mean a rise of up to 15 ºC at the North 
Pole. Summer sea ice will have vanished, and the Greenland icecap could be 
set on an irreversible path to almost complete loss, with accompanying sea 
level rises. (The ice core samples taken from this region could eventually be all 
that we have left of this ice.) 

• A combination of climate change, further deforestation, and fires spreading 
from degraded land that was formerly forest, will together mean the destruction 
of over 83 % of the Amazon by the end of the century, according to a study by 
German climate modellers. Atmospheric CO2 levels – and with it global warm-
ing – would be exacerbated. 

• Although Australian temperatures might not rise as much as elsewhere in the 
populated continents, the number of days of ‘extreme fire danger days’ – days 
combining very high temperatures with strong winds and low humidity – could 
treble as early as 2050. Uncontrollable fires – like those which claimed over 
170 lives in the state of Victoria in February 2009 – are likely on such days. 

• Hundreds of millions of people in Asia rely on monsoon rains for agriculture. 
Severe climate change could lead to drastic but uncertain alterations. In some 
regions, aerosols from fossil fuel and biomass combustion could even end 
monsoon rains. (Aerosols reduce surface insolation, and cool the land. This 
cooling in turn decreases the atmospheric heat gradient between coastal land 
and the oceans; it is the presence of this gradient which generates monsoons.) 
Elsewhere in Asia, farmers could face a mix of some extremely wet monsoon 
seasons and extremely dry ones, neither good for agriculture. 

• The combination of rising sea levels, water scarcity and crop failures could 
force hundreds of millions of people to leave their homes by 2050. But where 
could they go? 

• Migration of diseases and pests towards once cooler climates would see in-
creased illness and death from such insects as mosquitoes (malaria, dengue fe-
ver, encephalitis, yellow fever, etc), ticks (encephalitis, lyme disease, etc) and 
sand flies (visceral leishmaniasis).  
All indications, following the lack of real progress on mitigating climate 

change at the 2009 Copenhagen conference, are that the world will try to continue 
the path it has been following since the end of World War Two. We might term 
this a modified business-as-usual approach. More attention will be given to envi-
ronmental concerns, both local and global, but continued economic growth will 
still dominate policy-making, both in high- and low-income countries. (One im-
portant reason for continuing to favour GDP growth is that a strong conventional 
economy is seen as necessary for wielding political and military power on the 
world stage. Such power in turn is regarded as vital for securing continued un-
equal access to raw materials and energy).  

An uneasy marriage between belated recognition of the seriousness of the envi-
ronmental problems we face and the continued economic growth imperative will 
be attempted under the banner of slogans such as ‘sustainable development’. We 
can expect to see the words ‘sustainable’, ‘ecological’, ‘green’, ‘climate friendly’ 
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‘energy saving’ and so on, used even more frequently by both policy-makers and 
commercial interests, in an attempt to reassure the public that something is being 
done. Meanwhile the global climate scoreboard – the CO2 atmospheric levels re-
corded at Mauna Loa in Hawaii (Figure 2.3) – will continue its rapid hockey-stick 
climb of recent decades. 

As it is presently measured, global GDP can probably continue to expand for 
some years to come. But its legitimacy as a welfare measure is likely to be in-
creasingly challenged from several quarters. More and more conventional econo-
mists will join the present mainly ecologically-oriented critics in realising that the 
provision of economic goods and services is underpinned by the provision of eco-
system services, which place limits on our economies [9]. And ordinary citizens in 
OECD countries will increasingly question the benefits for themselves of eco-
nomic growth, particularly as the academic criticisms of it mount and are popular-
ised in the media, and as the various environmental crises deepen. Even the vener-
able journal Nature, in an editorial, has recently criticised GDP as a welfare 
indicator [2]. 

Changes of the magnitude just described will severely test the world’s political 
systems and its international treaties. In Chapter 3 we mentioned that global oil 
consumption, when measured on a per capita basis, peaked in 1978. Nevertheless, 
because of energy substitution, transport oil use per capita was able to keep rising. 
Now this use has also started to fall, and the decline will likely pick up speed over 
the next decade. Similar peaks in global per capita use could occur soon for fossil 
fuels overall, and for a number of important non-fuel minerals.  

It will soon become very clear to all that countries can only hope to raise their 
levels of resource consumption (of oil, for example) at the expense of other na-
tions. Attempts by major industrialising countries like China and India to move 
closer to OECD consumption levels, coupled with similar attempts by OECD 
countries to maintain their present levels, can thus only exacerbate tensions be-
tween countries [12]. A possible foretaste of the future: during the rush to complete 
construction for the 2008 Olympics in Beijing, the copper overhead power lines on 
Melbourne’s electric rail system were being stolen for export to China [10]. 

11.4 A Just and Ecologically Sustainable Future  

The previous section attempted to describe a future based on continuing our pre-
sent course of action. Evidently we need an alternative future. Futurologists often 
explore the future by considering possible, probable and preferred futures [14, 15]. 
Probable and preferred futures can only be chosen from those which are possible. 
In principle, it should be easy to determine what is possible in future, as science 
often progresses by telling us what we cannot do – we can’t extract more energy 
from a conversion device than we put in, we can’t travel faster than the speed of 
light, we can’t shield against gravity. We can therefore reasonably rule out any fu-
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tures based on violation of these principles. But as we have repeatedly shown in 
this book, basic science offers us little guide as to what can be practically imple-
mented in a given time frame, and at an acceptable cost. The implementation on a 
large scale of solar energy, energy from fast reactors, carbon sequestration or 
geoengineering schemes will not transgress any limits imposed by science, but 
could still face serious barriers.  

Any discussion of preferred futures, particularly in a global context, immedi-
ately raises the question: Preferred by whom? We have seen that, globally, im-
mense disparities in incomes per capita, and in general, consumption of energy 
and minerals, are the rule for the world’s population. And what is regarded as an 
acceptable level of sea rise will be viewed very differently by small island nations 
and those better situated, even if they do have some low-lying coast land [16]. 
These differences in circumstances could make broad international agreement dif-
ficult to attain. 

Nevertheless, in an important sense all of humanity, wherever we live, are in 
this together – we are all inter-connected through our sharing of a global atmos-
phere and biosphere. True, early global warming might hurt tropical countries 
more than those at higher latitudes. But our own country, Australia, has 40 % of its 
area in the tropics. Eventually, rising sea levels will be a problem for the Nether-
lands as well as Bangladesh, Florida as well as the Mekong delta, although 
wealthier countries will have more resources with which to adapt to this and other 
changes. For climate change at least, and probably for some other challenges we 
face, there will only be losers in the long-term. No country is likely to benefit 
from a 4 ºC rise in global temperature, or a 2 metre sea level rise. 

Preferred futures, like probable futures, are also constrained by what is possi-
ble. Many choices seem possible in the far future – say 2050 and beyond – and an 
examination of the literature on our global future confirms this point. But just as 
the fan of opportunities seems to ever-widen in the future, so it narrows the closer 
the future we are considering is to the present. The points discussed in the earlier 
sections of this chapter suggest that we need to think in time frames measured in a 
very few decades, not the end of the century. When we focus on the year 2030, the 
opportunities for replacing our massive fossil fuel use by energy alternatives, or 
for CCS and air capture appear limited. Even the 2007 IPCC report, generally op-
timistic on technical solutions, tacitly acknowledged this point. It is highly prob-
able that the only feasible way in which we can address the diverse problems such 
as global warming, fossil fuel depletion and even biodiversity loss, is to drastically 
cut our global energy use [16].  

Attention to energy use is fundamental for addressing many of our pressing en-
vironmental challenges. How can a world with a growing population cope with 
less energy use than today, when hundreds of millions of households do not even 
have access to electricity? Our proposal stresses that fundamental social changes 
are not only needed, but are more important than further advances in energy tech-
nology. Emphasising the need for lowering energy use is not novel; indeed a vast 
literature has developed over the past few decades on how it can be achieved. But 
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conventional approaches have as their main focus technical energy efficiency. The 
question of how this lower energy level is deployed is not considered.  

Global energy consumption less than today’s clearly implies that OECD coun-
tries will need to cut their use, otherwise overall reductions cannot occur. But it 
also means that presently low-energy use countries will not see the large increases 
in per capita use that they plan for. Indeed, if there is a ‘safe global primary energy 
level’, average per capita use will have to keep falling for as long as global popu-
lation continues to rise. It follows that many of the social practices developed in 
low energy-use countries in response to traditionally low levels of energy and re-
source availability will have to continue. And high energy-use countries may have 
much to learn from the more creative social practices in these countries for coping 
with reduced energy use in the future.  

It is for this reason that ASPO released its ‘Rimini Protocol’ [6]. This Protocol 
aimed to allow an orderly decline in global oil consumption, with constraints on 
oil production based on oil depletion rates, and corresponding decreases in con-
sumption. But the Protocol would inevitably privilege the existing high oil-
consumption countries, a situation not likely to be acceptable for long to countries 
with much lower per capita levels of oil use. Nevertheless, international agree-
ments of this type are urgently needed in the transition to more sustainable econo-
mies. A more comprehensive solution is the ‘shrink and share’ approach advo-
cated by Justin Kitzes and co-workers [11], which explicitly recognised that Earth 
is in unsustainable overshoot [16]. 

In Chapter 10 we looked in detail at how energy use would change in human 
settlements pursuing ecological sustainability, and argued that greatly reduced en-
ergy use would bring both perceived benefits as well as disadvantages. Along with 
an increasing list of other researchers, we believe that at least in the high-income 
OECD countries, popular attachment to present high-consumption lifestyles is al-
ready ambivalent [18]. For presently low-income countries, a first step toward im-
proved quality of life would be the achievement of the UN’s Millennium Devel-
opment Goals. 

Our continued pre-occupation – some would say obsession – with economic 
growth at all costs is now disfunctional in two ways. First, as we discussed in 
Chapter 10, further GDP growth does not appear to be improving the welfare of 
the citizens of OECD countries any longer, although this insight is still to be gen-
erally recognised. Second, this disconnection with welfare is occurring at a time 
when the world economy is most likely in ecological overshoot.  

In effect, we are stealing from future generations to maintain present lifestyles 
that we are increasingly less happy with – we would like to enjoy more leisure 
time, for instance. The world has seen thousands of generations of humans, and 
each one (leaving aside natural changes) has passed on a world in much the same 
shape as they inherited it. We cannot let our generation be the first to leave a 
plundered and degraded planet as our legacy to future generations.  
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