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0.  Summary

0.1 The problem and issues

Societies will be required  to cut  anthropogenic emissions of greenhouse  gases by fifty percent  or more on 
current figures by 2050 and  then  to zero some time  after  that if we are to avoid potentially dangerous  shifts in 
the  dynamics  of the  climate.   The  problem  of how to achieve  these  reductions  is the  major  medium  and long 
term  economic  and  technical  challenge  we face as a species.   Although  the  climate  science is by  now fairly 
settled  there is still considerable  debate  about  policy options.  One of the most contentious issues in this debate  
is the role of nuclear  energy.

In order to help understand our options,  and  in keeping with its focus on practical issues, Robert  Gordon Uni-
versity  undertook this study  to answer the following question:

Is nuclear energy a necessary  element  in any feasible solution to the problem of meeting  emissions  

reduction targets?

The approach taken  is to start with the potential of different zero emissions energy sources to provide  the 
energy  required  across the  globe.  In other  words we are  concerned  with  with  the  necessary  condition  for a 
solution  that works for the planet  as a whole.

In considering  this question  the discussion is restricted to existing technologies. 

A note on terms:

a. Zero emissions is shorthand to refer to very low emissions energy sources like wind, solar and nucle-
ar. Issues like embodied  energy in different energy production systems  are dealt  with briefly in the 
report. 

b. Emissions refers to carbon  dioxide equivalent emissions.

c. Feasible requires  something  more than  being consistent with  existing  laws of physics. Material  and  
engineering constraints are also important, as are bounds on global energy requirements.

All figures are first order approximations and as a reminder  adjectives  like ’rough’ are used repeatedly.

0.2 Results

The main finding of the study  is that nuclear  is necessary  in any solution  that provides a regular  supply of energy 
at the levels required  by advanced  industrial systems.  Other  zero emissions technologies can contribute locally, 
but  there  is no feasible combination that does not include nuclear.

It was also considered  appropriate to ask the following supplementary question:

Are  the risks associated  with nuclear sufficient  to be an impediment to its widespread use?

In this case it seems that the risk is real but  manageable  and no barrier  to deployment. It is less than  the risk 
associated  with delayed  implementation of the required  emissions reductions.
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Introduction

1.1 Preliminaries

The  purpose of the  study is  to  consider the role of nuclear 
energy in  reaching a global zero emissions target

Societies across the globe will be required  to cut anthropogenic emissions of 
greenhouse  gases by fifty per- cent  or more on current  figures by 2050 and  
go to zero some time  after  that if potentially dangerous  shifts in the  dynam-
ics  of the  climate  are to be avoided  [33]. Energy  usage accounts  for about  
seventy-five percent of anthropogenic emissions.  The  remainder comes from 
agriculture and  forestry.   At a rough  first order  approximation this means 
that all energy production has to be achieved at nearly zero emissions.  There  
is some debate  about  how this might be achieved, however, and about  the 
appropriate mix of technologies.  One popular argument is that the required  
cuts in emissions should be obtained by replacing fossil fuels with renewable 
sources such wind and solar power with perhaps  some support from biomass 
and wave power.  An alternative view is that we need to use nuclear  power to 
achieve  the  necessary  reductions.  So far these  views have  not been recon-
ciled.   In particular some supporters of renewable  energies have  tended  to 
argue  that reliance  on nuclear  energy is both  unnecessary  and undesirable.

The  material  around  these  arguments is often  fragmented and  much  of 
the  literature is taken  up  with assertion  on a limited  number  of cases to 
support particular perspectives  rather than  with  solutions  for the entire  
planet.   There  is also a large and  more useful science based  literature. Most 
of this  tends  to deal with technical  issues or local problems,  however, and very 
little  is scaled in terms  of the  overall problem.  It many cases the basis for the 
calculations  are difficult to penetrate.

The  purpose  of this  study  is to consider  the  role of nuclear  energy in reach-
ing  the  zero emissions target. In order to avoid being involved in arguments 
about  the desirability or otherwise  of different technologies  we focus directly  
on the  questions  about  technological  capacity  and  what  is necessary  to  solve 
the  problem  at hand.  We take the view that the question  of necessity are 
logically prior.  If a technology  is necessary to meet the required  reductions, 
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preferences  are second order.

To this end the specific question  we ask is:

Is nuclear energy a necessary  element  in any feasible solution to the problem of 
meeting  emissions  reduction targets?

It is entailed  in the  question  that, in order  to produce  an answer,  we need to 
undertake a review of alter- native  energy sources.  Although  such a review 
cannot  be comprehensive  in a study  of this length  an attempt has been made 
to cover the most important features  of each source.

It will help in understanding the aim of the study if the global nature of 
the problem  is kept  in mind.  We are interested in whether  particular energy 
sources can provide for all our energy on a global basis, not merely part  of our 
energy needs or on a local basis.

There  seems to  be a great  deal  of confusion  on the  issue of global  and  
local solutions.   A solution  that does well locally may  fail globally  because  it  
requires  external  inputs  and  cannot  be generalized  across  the planet.  For 
example suppose some technology  adopted by region A requires back-up  or 
a market  for excess generation  and this is provided  by region B. Provided  that 
region B does not use the technology then it may be a viable option  for A. On 
the other  hand  it is not viable if the regions A + B try  to use it simultaneously 
unless the required  externalities can be obtained or B is sufficiently large to 
provide  them.

This approach leaves a number  of important questions  such as reconfigur-
ing energy use and delivery unanswered.  Nonetheless  these are secondary  
questions  and may be the subject  of further  reports.  Unless a mix of energy 
source has the potential to provide for all the world’s energy requirements, 
other questions are irrelevant.

In considering  this question  we restrict the discussion to existing technologies.  
No account is made of technological changes or potential breakthroughs that 
are not currently available  or cannot  be brought on line in a matter of years.  
A technology that might be ready for deployment in, say, ten years if at all, is 
too late.  The risks associated  with  the  delays  in reducing  emissions are  sig-
nificant.   Any technology  that is not  currently available  cannot  be considered  
a viable contribution.

In this regard  much of the discussion commits  the error of assuming  that 
progress is restricted to one par- ticular  technology.  Probably the greatest 
potentials are in battery storage and nuclear but we have attempted to re-
main  neutral and neither  is discussed.
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The term  feasible is difficult to define and is partly  only meaningful  in the 
context  of alternative technologies. It is understood to require consistency  
with existing material  and engineering constraints and reasonable economic 
demands  and also with constraints on land usage and the energy requirements 
of advanced  industrial systems.   If, for example,  a solution  requires  the  to-
tal  annual  steel production for the  planet  it is consistent with  the  laws of 
physics  but  raises  issues of feasibility  if an alternative is available.   A solution  
that cannot produce  energy  for ten  hours  a day  or requires  more  than  ten  
percent  of the  land  mass  of a country  has feasibility  issues and so on.

Some attention has  been paid  to  cost in order  to deal with  widespread  
misconceptions, but  this  has  not been made  a primary  issue.  This  is partly  
because estimates of economic, as distinct from accounting, costs have  a  
large  margin  of possible  error.   Provided  that costs  are  roughly  equivalent  
they  do  not  impact  on considerations of feasibility.  See below for more on 
the use of figures.

1.2 Remark on calculations

Uncertainty, approximations and unknown unknowns

Our  calculations  are  meant  to be about  as accurate  as is meaningful.   As far 
as possible they  have  been based  on  primary  data  on  energy  and other  phys-
ical  constants and  also  on  the  engineering  specifications for systems  that 
are  currently operating.  Where  we have  had  to  rely on secondary  material  
in relation  to costs or accident rates,  for example,  authoritative sources such 
as the  US Department of Energy,  WHO,  UN scientific reports,  OECD, UK Gov-
ernment Reports, the International Energy Agency and so on have been used.

Most  of the  calculations  are  fairly standard and  the  main  contribution of 
this  study  is to  make  them  as transparent as possible and to put  them  into a 
consistent framework.  It is very difficult to know, for example, what  to do with 
the statement that country  A has produced  all its energy on a single day using 
energy source without the  broader  context.  Does this  mean  for twenty  four 
hours?  Can  it  do this  every  day?   What proportion of alternative energy 
sources are they  still needed for back up?

To make the figures meaningful  we work with first order approximations, in the 
sense that ’everything  that ever lived is now extinct’  is a first order  approxima-
tion.  In most  cases they  are of the  form that something is roughly  equivalent  
to x standard   power plants  operating  at  full capacity  or about  the  size of 
Texas.   For example,  the  statement   that a technology  would crowd out  food 
production or living space because  it would require  a land area about  half the 
size of Texas  to implement has about  the same weight if it requires  a land area 
of about  a quarter or two thirds  the size of Texas.

One reason  for confining calculations  to this  level of coarseness  is that this  

Most  of the  
calculations  are  fairly 
standard and  the  
main  contribution of 
this  study  is to  make  
them  as transparent 
as possible and to put  
them  into a consistent 
framework. 
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is all that is required  for our purposes and it aids understanding. What  
mostly counts is comparisons.  If technology  β requires roughly five times more 
material  than  technology α then  it doesn’t matter whether,  under  different 
assumptions the figure is 3.1 or 6.3. We don’t believe arguments at this level 
of detail  are significant for the current debate.  All that matters is whether  
something  is ’about the same’ or ’a lot more or less.’

Another  reason is that there is no justification for giving the impression that 
higher levels of precision carry worthwhile  information. They  simply do not.

Much  of the  current  discussion  suffers from a spurious  appeal  to  knowledge  
about  future  conditions.   In reality calculations  at the level of aggregation  that 
interests us depend on factors with a wide range of variation and  a number  of 
factors  are simply unknown.   For  example,  we can calculate  the  output from 
a reactor,  or averages  for a wind farm or solar under  ideal conditions,  but  even 
ideal conditions  are difficult to attain . We we can only guess at the the global 
growth  rate  and technological  change for the next  twenty five years.

In many cases, such as those around  risk and economic, as opposed to ac-
counting, costs we don’t even have a clear idea of exactly  what  questions  we 
should be asking.

As a reminder  of this adjectives  like ’rough’ or ’ball ’park’ or ’approximately’ 
are used repeatedly.

1.3   Energy sources to be considered

Solar, wind, biomass and nuclear

Zero emissions technologies  are taken  to be solar, wind, bio-mass and nuclear  
technologies.  These produce emissions in construction and  replacement but  
are sufficiently low compared  with fossil fuels to be ignorable for our purposes  
and there  are serious measurement issues.  Do we take the energy input  into 
solar to be solar or fossil and what replacement time do we assume?  Is the 
energy input  into nuclear itself nuclear or something else?

We do not analyze hydro.  It is important but there are diminishing  avenues for 
further  large scale exploitation.  Geo-thermal and tidal  have a role to play but,  
because of location  and scale, their  contribution is likely to remain  marginal.  
We have also ignored geo-engineeering.
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1.4    Results

No  feasible solution without nuclear. Risks are  real  but  man-
ageable

The main finding of the study  is that nuclear  is necessary  in any solution  that 
meets reasonable  feasibility constraints and  provides  a regular  supply  of en-
ergy  at  the  levels required  by  advanced  industrial systems. Other  zero emis-
sions technologies can contribute locally, but there is no feasible combination 
that does not in- clude some nuclear.  In particular the intermittent output of 
solar and wind and material  and land constraints are major  barriers  and the 
contribution of bio-mass is limited,  and potentially damaging  to the environ-
ment. This does not mean that the the contribution of solar and wind are 
discounted, but  there seem to be practical upper  bounds  on the proportions 
of total  energy that can be incorporated from these sources.

Following from this it was also thought appropriate to ask the following sup-
plementary question.  If nuclear is necessary  in order to solve the problem:

Are  the risks associated  with nuclear sufficient  to be an impediment to its 
widespread use?

In other  words are the risks associated  with nuclear  greater  than  the risks 
associated  with climate  disequilibrium?  In this case it appears  that:

a. Widespread deployment of nuclear  energy carries  some increased  
risk but  it is manageable  and  much  less than  is commonly  perceived.  
It is no more, and  probably  considerably  less, than  associated  with 
other  technologies such as aviation.

b. There is no insurmountable problem  associated  with waste storage  
and retrieval. and

c. Given the  low level of risk associated  with nuclear  the  risks associat-
ed  with delay in addressing  emissions reduction are potentially much 
greater  than  the risk of a widespread  use of nuclear  generation.

The main finding of 
the study  is that 
nuclear  is necessary  
in any solution  that 
meets reasonable  
feasibility constraints 
and  provides  a regular  
supply  of energy  at  
the  levels required  by  
advanced  industrial 
systems
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The  problem

2.1 The basic structure

Efficiency isn’t  enough. Energy per  unit of production is the only  
zero  option.

The  basic structure of the  emissions problem  can be understood by break-
ing  it  into  its components.  As far as human  activity is concerned  emissions re-
sult  from producing  the goods and services required  to sustain consumption 
across the planet,  the energy required  to produce them and the technologies 
used.  In other words we have emissions are the product of consumption per 
person,  energy per unit  of consumption and emissions per unit  of energy.  
What  the zero emissions target requires  is that at least one of these terms  
go to zero.

The possibilities  are:

1.	 Population.  For  practical purposes  it is difficult to do much  about  popu-
lation in the  relevant  time period.

2.	 Consumption	 per		capita.  It  is difficult  to  change  this  in the  short  run.   Devel-
oped  countries  have not  shown much enthusiasm for serious cuts  in consump-
tion and  it seems unlikely that developing  and underdeveloped countries  would 
be prepared to arrest  their growth.  The important point here, however, is that 
even if demand  could be reduced  this  only reduces  the  scale of the  problem.  
Its basic structure remains  unaltered

3.	 Energy	 per	 unit	 of	production.	 It is possible to reduce this through efficiency 
and technological improvement. We discuss this immediately  below.

4.	 Emissions	 per	 unit		of	energy.

Efficiency and emissions per unit  of energy are the two most interesting items 
that we have some capacity to control.

Efficiency gains are high on the agenda  of most programmes and have been 
given special attention for this reason.  Although  they obviously should be pur-
sued  as far as possible it is difficult to assess how far this might take  us.  Clearly  
there  are upper  limits  to efficiency.  Even  with  a modest  growth  rate  of 2 per-
cent  per year between now and 2050 world output will approximately double 
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and this will wipe out efficiency gains of about 50% over current technologies.

Even  more  important, however,  is that efficiency gains  do  not  alter  the  
structure of the  problem.    For this  reason  we have  used  figures on current  
consumption as a metric  for our  comparisons  since,  under  the prohibition 
on non-existent technologies,  alterations in energy demand  of a foreseeable 
magnitude will affect all technologies  proportionally.

Emissions per unit  of energy is left as the only candidate solution  for the 
problem.  Our question  becomes: can we get the energy we need in order 
to maintain consumption and provide  for future  growth  with approximately  
zero emissions?

Before we answer this a few preliminaries.

2.2    Note on units of energy

What	 is	 a	 kilowatt	 hour?

The  unit  of energy  we will use is the  kilowatt (kW) and  its  multiples.   A 
small  bar  radiator, an  electric iron, a micro-wave  oven or a hairdryer usually  
has a capacity  of about  one kW.  If one of these  appliances  is run  for an hour  
its total  energy usage is 1kW hour.   There  are several  different  measures  for 
energy such as the barrel  of oil equivalent, horsepower,  British  Thermal Units  
and so on but  these are awkward.

Define a standard power station as one with  an  output of 1GW e = 109 W.  
It  is important to  note  that output is not the same as capacity. This is about  
an average  coal or gas or nuclear  station with a capacity  of about  1.2GW e. 
Since there  are 8765.4 hours in a year this would produce  about

9, 000.109 W hours/year = 9.109 kW h/year

2.3   Total primary energy

We  need about 20, 000 standard power stations

The total  primary  energy consumption for the world is about

150 × 1012  kW  hours/year

and  this  includes electrical  energy and  thermal energy in the  form of heat  
from chemical reactions  produced by burning  stuff.  Electricity consumption 
a bit less than  20 percent this total.  This might be expected  to increase with 
shifts in consumption and in the energy profile of transport with the fastest  
increase in developing countries.
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In what  follows electrical and thermal energy are treated as equivalent. This is 
partly  because it is assumed that progress in emissions reduction will, mostly, 
require replacing the energy obtained from burning  fossil fuel with electricity  
and partly  because electrical  energy can be transformed directly  into thermal 
energy whereas it usually  takes  more than  two units  of thermal energy to 
produce  a unit  of electrical  energy.  Since much of the discussion is in terms of 
solar, wind and nuclear and these are all electricity  producers  nothing  much is 
lost with this assumption. Bio-fuels are the only exception and will be discussed 
directly in terms of thermal energy.

To produce  150 × 1012  kW  hours/year of electricity  would require  approxi-
mately 17, 000 standard power stations. Given uncertainties about  thermal 
and electrical,  growth  and so on we might just  as well round  this up to get

20, 000

standard power stations.

Since the  US uses something  less than  20 percent  of world  energy  it  needs  
about  3, 000 standard power stations to provide  all its primary  energy.  The 
UK would require  about  200.

2.4 Nameplate capacity, output and replacement       
 rates

Read the labels carefully

When  comparing  nuclear,  solar and wind it it is important to bear in mind the 
distinction between  name-plate  capacity  and  output.  Nameplate capacity  is 
the  amount of energy that would be produced  by running at maximum  effi-
ciency over a time interval. A solar panel with a nameplate capacity  of 1 kW  
would produce 1kW hour in an hour at full capacity. Output is what  is actually  
produced.  In Germany  the capacity  factor of solar panels is about  .1 so actual  
output would be 100W [2]. A nuclear reactor  has a capacity  factor of about  .9

Since the  US uses 
something  less than  
20 percent  of world  
energy  it  needs  about  
3, 000 standard power 
stations to provide  all 
its primary  energy.
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Nuclear

3.1 Meeting current requirement and build rate

We can build nuclear fast enough

The global requirement for energy could be met with nuclear  in about  50 years 
if we spent about  2 percent of current  world GDP  of 87 trillion  dollars  US and  
assume  a standard reactor  would cost  roughly  4 billion. This  is about  one 
and  a half to  two  times  the  estimated Chinese  build  cost for generation  III 
reactors  [66] [68]. This gives about  400+  standard reactors  a year.  If the build 
rate  were 200 reactors  a year this would be sufficient to cover requirements for 
electricity  at current proportions of the energy mix in twenty years.  If this pro-
gramme were to start in 2020 it would reduce total  emissions by somewhere 
between  30 and 40 percent on current output by 2040.

Is this  realistic?   France  built  nuclear  reactors  at  the  rate  of about  four stand-
ard plants  a year  between the  1970’s and  1990’s with  about  five percent of 
the  world’s GDP.  Since this  rate  gives us about  100 a year globally a target 
of over 200 would seem feasible.
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Most experience with commercial builds is with slow neutron reactors  and, for 
technical  reasons it would be assumed that this type of reactor  makes up the 
majority of the fleet in the initial stages.  Once fuel is available there  is no bar-
rier  to building  fast neutron reactors.  There  is a brief note on reactor  types 
in Appendix  1.

An important issue is the  availability of experienced  engineers,  project  man-
agers,  operators and  the  like. This  is hard  to  quantify.   It  has  been  a prob-
lem  with  the  Olkiluoto  reactor  currently being  constructed in Finland for 
example,  and is almost  certainly  a constraint on the current Chinese nuclear  
programme. On the other  hand  it would seem reasonable  to assume  that 
required  skills can be produced  at  a rate  that allows at least a doubling every 
decade.  This would inhibit  growth rates  of a nuclear programme in the early 
stages but is not considered  a feasibility  constraint.

3.2 Material  balances

Material requirements for reactors are  comparatively modest

The material  and land area required  to produce  the output of a standard 
power station will vary with the type of installation [37]. In what  follows I 
use figures for the Westinghouse AP 1000, although this has a net output of 
about  1.2 standard plants.  These are roughly as follows [3] [65].

(a)		 Material

Steel 12, 000 tons

Concrete  240, 000 tons

By comparison  the  Empire  State  Building  used about  60, 000 tons  of steel 
and  150, 000 tons  of concrete, granite  and the like. Hence a reactor  requires 
the steel of about  1  of an Empire  State  building.
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(b)		 Land

A current generation  reactor  requires an area of about  .05km2 and if we give 
it a wide exclusion zone we might have

1km2

although this  land  could be used for farming  or for any  environmental pur-
pose  such  as a nature reserve  of parkland.

3.3 Fuel supply

We  probably have enough fuel  for several thousand years

Reserves  of uranium  that can be retrieved  at  less than  $260/kg  are 7.1 
million tons[70].  There  are about 400 reactors  currently operating  and  each 
requires  somewhat  less than  200 tons  of ore a year to produce  an average  25 
ton  fuel supply.   This  means  the  current  fleet requires  about  70, 000 tons/
year of ore.  It  follows that, without any further  exploration, there  is enough 
ore at this price to run the current fleet, or its technological equivalent, for 
about  100 years at near to existing prices.

International Atomic  Energy  Association  figures put  total  known  reserves at  
about  13 million tons  if the $260/kg  price  cap  is removed  with  roughly  an  
additional 22 million tons  in unconventional reserves.   Since fuel costs are a 
minor component in total  reactor  running  costs there  is no barrier  to including  
this and other sources in the fuel inventory. In this case we have enough fuel 
to run the current fleet for about  600 years.

To get a more realistic long term assessment we considered all available fuel 
sources and existing technologies.

a. Fast  neutron reactors  can extract 50 to 100 times  more energy from each 
unit  of uranium  than  the current once through cycle slow neutron re-
actors.  If we assume an efficiency of 50 we have enough fuel to get the  
equivalent  output of our existing  fleet for 30,000 years.   Alternatively we 
could run  20,000 fast reactors  for about  600 years.

b. If Thorium is used as fuel we can run 20,000 reactors  for an additional 1, 
500 years to give a total  of about  2,000 years.

c. It is also possible to extract uranium  from the  oceans with current technol-
ogy.  If ten  percent of the estimated 4 x 109  tons  of uranium  in the  ocean  
is extracted we could  run  20, 000 reactors  for about 12, 000 years.

The  main  risk 
associated  with  
nuclear  reactors  is the  
possible dispersion,  
or improper  use of, 
radioactive materials
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3.4   Risk and other issues

Risks are real but manageable

The  main  risk associated  with  nuclear  reactors  is the  possible dispersion,  or 
improper  use of, radioactive materials. Although  some attempts have been 
made to associate  a probability with risk I do not believe this is mathemati-
cally justified  because  we are dealing  with  a managed  system  and  extremely  
rare  events  rather than  a system  with repeat  random  events.

Before proceeding  it  is necessary  to  sound  a note  of warning  about  concepts  
and  methods.   In thinking about  risk there  are unresolved  issues in how we 
assess danger  and  balance  it against  lives saved.  For example Kharechka and  
Hansen  calculate  that global nuclear  power has prevented  an average of 1.84 
million  air pollution-related  deaths over the 40 year period from 1970 [25].

We will follow the more conventional method  here and concentrate on the 
debit  side of the ledger.  As with other  risky activities, such as air transport, 
it is necessary  to ask, is the risk manageable?

3.4.1. Safety

The  two most  important instances  of fuel dispersal  through nuclear  accident 
are Chernobyl  and  Fukushima. To get some perspective  it is worthwhile  com-
paring  the claims associated  with the argument that the costs of a nuclear  
accident are so extreme  as to make any probability of accident,  no matter 
how slight, unacceptable. Here is a brief sample.

1. Almost  a million  people  will die as the  result  of the  accident  at  Cherno-
byl  with  potentially more dying as the result  of Fukushima [17, 36].

2. Reactors  can create a nuclear explosion and/or Fukushima and Chernobyl  
were nuclear explosions [61]

3. Fukushima has caused moose and deer in the united  states  to die and has 
increased cancers in Alaska, California,  Hawaii, Oregon and Washington 
by 28 percent [21]

4. Fukushima could result  in a nuclear  explosion that would wipe out  Japan 
completely  and  cause the West  Coast  of America  to be evacuated [21, 43]

5. Fukishima is a disaster  that is comparable  to the tsunami that killed 19, 000 
people and to Hiroshima [16].

6. A nuclear  power plant could be struck by a hijacked  plane  causing  wide-
spread  radioactive damage and rendering  large areas of land uninhabita-
ble [18].
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How realistic  are these claims?

The  first  point  is that a nuclear  reactor  cannot  create  a nuclear  explosion  
without violating  the  laws of physics and  to claim by association  that it has 
some parallel  with  Hiroshima  is simply wrong.  If the  laws of physics don’t im-
press you look at the photographs of Hiroshima  and Fukushima. This means 
we can ignore 2 and the premises of 4 and 5 above.  What  of the claim that 
Japan may be lost and the West Coast  of America may  need to be evacuated 
or that the  effects of Fukishima are comparable  to the  tsunami?  We lump  
these together  under  threats to health.

Threats to  health. The United  Nations  the World Health  Authority and 
related  organizations have carried out a series of studies  to estimate  fatalities  
and incidences of illness.  These are based on a linear no-threshold model 
which it is thought may significantly  overestimate the effects of small doses 
of radiation [34].

Chernobyl. Some two  decades  after  the  explosion  47 workers  had  died  
of acute  radiation syndrome and  nine children  died of thyroid  cancer.  The  
Chernobyl  Forum,  comprising  a number  of UN agencies including  the Inter-
national Atomic Energy Agency, the World Health  Organization, the United  
Nations Development  Programme , other  UN bodies and  the  Governments 
of Belarus,  the  Russian  Federation and  Ukraine,  used the  Linear  Non Thresh-
old Model to put  the  estimated number  of possible deaths  in the highest  
areas of exposure  at 4000 [22]. This was later  upgraded  to 9, 000 to cover a 
larger area [59]. Without the  linear  no-threshold extrapolation the  death  toll 
remains  at  56.  It  was also reported that mental  health  problems  resulting  
from lack of accurate  information about  risk was the  largest  public health  
problem  created  by the accident.  Figures  for fatalities  from mental  health  
causes were not given [22].

Fukushima. The World Health  Organization report  in 2013 found no ob-
servable  increases in cancer and estimated that there  would be no observable  
increases in future  in the general population. It estimated some increase in 
baseline rates  amongst  the  most  affected emergency  workers[64].  The  United  
Nations Scientific Committee drew on 80 scientists  from 18 countries.  It found 
that there  have been no cases of radiation sickness and no attributable health  
effects. It also stated that it is unlikely that there  will be any attributable 
health  effects at any future  time [47].

Comparisons. Here are some typical  figures based  on recorded  deaths  
and  estimates  of deaths  from respitory  illnesses, carcenogenics  and  the  like 
[15].  To  get  some idea  of the  figures a million  GWh  is about  the amount of 
electricity  produced  by 100 standard power stations in a year.

Nuclear  plants  are 
vulnerable  to terrorist 
attack and  require  
protection, but  there  
is very little  possibility  
of any widespread  
damage  from the 
release of nuclear  
material 
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3.4.2. Direct attack.

Nuclear  plants  are vulnerable  to terrorist attack and  require  protection, but  
there  is very little  possibility  of any widespread  damage  from the release of nu-
clear  material  [9]. One obvious reason is that they  are difficult to penetrate, 
extremely  difficult to sabotage,  and much less attractive than  other  targets, 
such as large public gatherings.

Consider  the  worst,  and  most  implausible,  case of a terrorist attack.  Assume  
something  of the  size of a fully-fuelled  Boeing 767-400 of over 200 tonnes  hits  
the  dead  centre  of the  outside  of a round  containment vessel at 560 km/h. 
A study  carried out by the US Electric Power Research Institute estimated that 
this could not penetrate any part  of the outer  containment [71]

3.4.3.  Dirty bombs

It  is sometimes  claimed  that a dirty  bomb  made  of nuclear  waste  and  con-
ventional explosives  could create catastrophic consequences  [11]. There  are 
a number  of issues here.  One is management  of waste  stockpiles. Another  
is the feasibility  of stealing  and transporting waste and forming it into a sur-
round for a conventional bomb.  It is generally believed that, in this scenario, 
the vast majority of deaths  would be from the conventional explosion with few 
if any from radiation and there is nothing  to suggest that large areas of land 
would need to be quarantined [9]. Some psychological damage may result from 
mis-information about  the danger of radiation.

Energy Source                                    Mortality Rate (deaths/millionGWhr)

Coal     global average 170,000

Coal     China 280,000

Coal     U.S. 15,000

Oil 36,000

Natural Gas 4,000

Biofuel/Biomass 24,000

Solar (rooftop) 440

Wind 150

Hydro   global average 1,400

Nuclear   worst case estimates 90

Nuclear - commercial  power plants  only 0
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3.4.4. Waste

Spent  fuel from a once through reactor  needs  careful  management  but  it  
is difficult  to  find any  significant issues that cannot  be solved with current 
technologies and within  reasonable  cost parameters. Under a closed fuel cycle 
using a fast reactor  what  is currently classed as waste  becomes valuable  as 
fuel stock.  Waste  from the  fast fuel cycle is about  one twentieth of the waste 
from the slow cycle and needs to be isolated  for about 300 years.  This is well 
within  the life of standard containment vessels such as stainless  steel drums.

3.4.5. Proliferation issues

It is sometimes claimed that expanding  the use of nuclear energy will increase 
the risk of weapons proliferation. If this is meant to imply a non-trivial increase 
or a step change in the dangers it seems to be based on a number of misun-
derstanding:

1. Widespread deployment of nuclear power would only result in a marginal  
change in the availability of the technology.  Over half the world’s current 
emissions are produced  by countries  with nuclear  weapons and most 
of the remainder buy countries  with nuclear power.  Nearly all the major 
producers  of emissions are states  that have nuclear  weapons.

2. Waste from once through reactors  is not immediately  deployable as weap-
ons grade material  because of difficulties separating P U239  and P U240 . 
A workable bomb requires  a composition  of about  99% P U239 to 1% P 
U240  to revent predetination and once through reactors  have a plutonium 
composition  of about 53% P U239 .
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On the  other  hand,  if fast  neutron reactors  are widely deployed,  or states  
without nuclear  weapons  build enrichment facilities, there  may be an issue 
with proliferation. We deal with this below.

3.4.6. Manageability

Risks  can  be managed  in a number  of ways  and  it  is inappropriate to  
associate  them  with  uncontrollable danger.   Any  dangers  of proliferation  
can  be contained through international protocols,  government  action and  
appropriate safeguards  on transport and  handling.   Possibilities  of access 
to material  from fast  neutron fuel cycles or the  construction of enrichment  
facilities  can  be dealt  with  by internationally  guaranteed  fuel protocols to re-
move sovereign risk, the provision off locked down reactors  with automatic fuel 
replacement and so on.  Current negotiations with Iran  provide  a good case in 
international cooperation  and what  do, and not do, in these circumstances.

This  leaves the  intrinsic  risk associated  with  technical  malfunction.  In gen-
eration  I and  II slow neutron reactors  the  major  safety  issue is overheating 
of the  core.  Crudely  speaking  this  is dealt  with  by secondary systems  that 
provide  a flow of coolant if power is lost to the  main  system.  This  may be 
provided  by a com- bination  of mains  power, diesel motors  and  batteries. 
Chernobyl  is something  of an outlier  here.  It was not a commercial  reactor  
and  one of its  core properties  was a positive  void coefficient.  This  meant  
that it  was uniquely susceptible  to a runaway  increase in radioactivity in the 
core.  Fukushima is the type of core accident that is associated  with  a com-
mercial  reactor.    In this  case overheating was generated by  the  fact  that the 
back-up  diesel system  was located  in the  basement  and  unable  to operate  
because  of the  flooding produced by the Tsunami.

Although  the  possibility  of a malfunction in the  core cannot  be eliminated  
it is possible to eliminate  the potential for overheating and  the  need for 
secondary  systems.   In generation  III reactors  this  is done by the use of pas-
sive safety features  which do not require operator action or the operation  of 
mechanical  or electronic systems.  In the AP 1000, for example, core cooling is 
provided by gravity feed from an on-site storage tank [63].

In a fast nuclear reactor  the possibility  of a core overheating is eliminated  by 
the design of the fuel systems. In this  case expansion  within  the  fuel system  
increases  the  distance  between  the  fissionable material  and  re- duces the rate  
of fission.

In a fast nuclear 
reactor  the possibility  
of a core overheating 
is eliminated  by the 
design of the fuel 
systems



24

Solar  1:  thermal

4.1   Types of solar

Solar thermal systems  concentrate radiation and photovoltaic systems  con-
vert  the energy in radiation to a flow of electrons.   These  are considered  
separately.  In each case it is important to consider  available  energy in the  
context  of building  constraints and  shadow  limitations rather than  as a 
direct  extrapolation of solar radiation. In order to do this area and materi-
al  estimates  are mostly based on scaled up versions of the most recently  
completed  plants,  or plants  still under  construction

4.2   Scaling solar thermal

Some storage

The  estimates  are  based  on a scaled  up  model of the  Andasol  1 parabolic  
trough  system  in Spain.   This  is located  in an area of high radiation and gives 
a best case on output. Costs are readily available  [30, 50, 32, 3]. This  uses 
curved  mirrors  to concentrate radiation.  It  also has capacity  for seven hours  
of heat  storage.   Although  this  is not  full coverage  and  additional back  up  
would  be needed  the  capacity  figures give a more realistic  assessment of the 
totals  required  than  a straight up solar photo  voltaic  plant with no storage.

Andasol has a capacity  of 50MW e and produces  about  165GW h/year to give 
a capacity  factor of between .3 –.4 or an average  of about  20MWe.  Its build 
cost is $.5 × 109  and it covers a land area of 2km2  [50]. To get to a capacity  
of 1GWe we have to scale up by more than  a factor  of 50. I will use this lower 
figure. Land area may not vary in a simple linear manner.  Some of the total  
for Andasol will be taken  up by administrative buildings,  access roads and the 
like to give economies of scale.  On the other  hand  land may be lost owing to 
undulations, rivers and other  natural features  that limit installation. I assume 
linear scaling.
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4.3    Material balance

Large land area and a lot of steel

(a)  Material

Material  requirements for Andasol  1 are approximately [32]:

Steel:  20, 300 tons 

Concrete:  60, 000 tons 

Glass: 6, 700 tons

Andasol  has a life expectancy  of about  40 years maximum,  or about  half that 
of a nuclear  power station. Some of the material  might be recycled so to give 
the best case replacement is ignored.  Scaling to get a 1GW solar plant and 
assuming  all material  is recycled

Steel = 1 X 106  tons 

Concrete  = 3  X 106  tons 

Glass = .3 X 106  tons

or enough steel for about  17 Empire  State  buildings,  without replacement.

This gives the material  ratios  of solar thermal to a standard nuclear  reactor  
of at least

Steel:  > 83 : 1

Concrete:  > 13 : 1
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(b)  Land

To make solar thermal equivalent to a standard plant requires  about

under  the assumption of linear scaling.

90  – 100km2

Current US energy use requires  about  3  x 1012  output or about  3, 000 scaled 
up Andasol  1’s which would cover an  area  of about  300, 000km2 .  This  is a 
square  with  each  side roughly  600km  or 360 miles.   This  is approximately 
the area of New Mexico or Arizona or half Texas  or about  three  percent of 
the US land mass.

To produce  3, 000 solar thermal plants  of the Andasol type would require the 
total  US concrete  production for about  9 years and the total  steel production 
for about  30 years at current rates.

Current UK energy requirements would be more than  200 scaled up Andasol 
1’s because of the lower levels of solar radiation.  This  would cover an area  
greater  than  20, 000km2 .  Assuming  these  would be located  in England  and  
considering  built  up  areas  means  that more  than  15% of the  available  land  
would have  to  be covered, or about  an area the size of Wales.

World  energy would require  roughly five times US capacity.

To produce  3, 000 solar 
thermal plants  of the 
Andasol type would 
require the total  US 
concrete  production 
for about  9 years
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Solar  2:  photo voltaic

5.1   Scaling photo voltaic

All  US  energy requires an  area  about the  size  of Texas and  
all  UK  about half  England

The  maximum  theoretical efficiency of solar  panels  is given by  the  Shockley  
Queisser  limit  as about  34 percent  although this  may  be exceeded  with  
recent  multi-junction cells.  Most  commercial  panels  are about 10%. To get 
some figues for large scale production under the best possible conditions  con-
sider the Topaz solar farm  at  San Luis Obispo  in California  finished 2014 [60].  
Topaz  covers an area  25km2  or 9.5mile2  and  has a projected  life of between  
30 and  50 years.   From  the  manufacturers data  it  is expected  to  produce  
about 1, 100 GW h/year.
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5.2   Material balance

Large land area and a lot of steel

(a)		 Material

Topaz.  A standard power plant produces  about  9, 000GW h/year so we need 
about  eight Topaz  type plants. Material  requirements are

Steel:  (est)  100,000

Concrete:  609,000 tons

Ignore the need for replacement. It follows that to match  a standard plant 
we need

Steel =  800,000 tons

Concrete  =  4.9.106  tons

or about  enough steel for more than  13 Empire  State  buildings.

This gives the material  ratios  of photo-voltaic to a standard nuclear  reactor  
of at least

Steel:  > 67 : 1

Concrete:  > 20 : 1

(a)		 Land

To get the output of a standard plant a scaled up Topaz  would need to cover 
an area of

200km2

or about  76 miles2 .  A similar  calculation gives the  same  figures for the  Nellis 
solar  power plant with  axis tracking  in Nevada  [53].

To produce  all the energy required  by the US would require  something  like 
the size of Texas  or twice that of New Mexico or about  seven percent of the 
US land mass.

In the  case of the  UK and  using a figure of about  3kW h/m2 /day in the  
south  of England,  or about  half the radiation available  to Topaz  would require  
approximately

50%

of the land area of England.



30

If we wanted  to provide all of Japan’s  energy with photo-voltaic and we make 
the generous assumption that about  half the  average  solar radiation available  
in the  most  favourable  areas  in the  US is available  we would need to cover 
most of the land mass.

If we wanted  to supply  India  at  the  same level of energy consumption as the  
US we would need to cover about  half or more of the land area.

5.3   Rooftop photovoltaic

Low  installation costs and  small but worthwhile contribution

5.3.1. Total energy

The  census data  gives about  240,000km2  of land in urban  use in the US. 
Taking  into account transport and land  occupied  with  areas  greater  than  
one acre per household  leaves about  30, 000km2  of residential  density hous-
ing.  Allowing for residential  roads, parks,  gardens,space around  the house 
etc leaves about  10, 000km2 of roof space or 33m2   per person.  Making the 
extreme  assumption that half of every roof is south  facing and we cover these  
with solar panels gives a total  area of panels of 5, 000km2 . From  the National  
Renewable  Energy Laboratory the  maximum  radiation in the  south  western  
US for south  oriented  panels as 8 − 9kW h/m2 /day with  an  average  of less 
than  4.5kW h/m2 /day across  the  US if we adjust  for population and  ignore  
Alaska [29].

1  Assuming a conversion  factor  of .2 we get

4.5GW hours/day

or less than

15kW hours/person/day

which is about  25% of total  electricity  requirements or about

6%

of total  energy requirements.

For  the  UK the  Office of National  Statistics Housing  Survey  can be used to  
calculate  a roof area  of less than  16m2 /person using  roofs in England.    Again  
make  the  extreme  assumption that half  of every  roof is South  facing and  
covered with  solar panels  and  that average  radiation is about  3kW h/m2 /
day in the  south of England.  This gives us less than

5kW h/person/day

1 There are  less coarse  figures  but they  won’t  make  much  difference at this  level of approximation.

If we wanted  to 
supply  India  at  the  
same level of energy 
consumption as the  
US we would need to 
cover about  half or 
more of the land area.
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or less than

5%

of primary energy.

Remarks on calculations

1.  The  calculation probably  overestimates the  amount  of energy available  
from rooftop  solar in both  cases. I have assumed  a rooftop  area  of less than  
one percent of the  area  of Texas  for the  US. If these  installations were given 
the same output per square  metre  as commercial  installations total  output 
would be less than

1%

of total  energy requirements.

How do we reconcile these figures? Commercial  installations use less expensive 
and have lower yield panels. They also have to incorporate all land needed for 
roads and access and service building etc into their  total  use area and output 
figures also incorporate losses due to the accumulation of dust and other mat-
ter that interferes with  efficiency.  In addition  something  less than  half of all 
available  roof area  is south  facing.  Adjusting for these factors  gives a figure 
for rooftop  solar between

3 and 5%

of total  energy requirements.

2.  Making a similar adjustment for the  UK for the  lower incidence  of solar 
insolation  rooftop  solar would be expected  to provide  about

2%

of total  energy requirements.

In areas  were the  area  of roof per  person  is more  constrained such  as Japan, 
India,  China  and  much  of South  East  Asia the figure may be less.
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Wind

6.1   Total capacity

What area  can  we  cover?

The  availability of wind  energy  varies  with  the  US, Canada, Northern and  
Central Europe  better than average.   Other  countries  such as China  and  
Latin  America  are less well endowed  with  large scale resources and  India  
Pakistan and  the  rest  of South-East Asia and  Africa with less again.  I will 
concentrate on the  US and the UK as best cases.

The  first  question  is how much  area  are  we prepared to  cover?   There  may  
be some constraints on the available  steel and  concrete  that act  as limits  
but  we ignore these.  To get a figure assume  we cover an area larger  than  
California,  say  the  size of Texas,  that is 695, 000km2  or about  seven percent  
of the  total  land mass.  This  gives us significantly  more area  than  Elliot  et al 
calculate  is available  under  environmental and agricultural restrictions ([14], 
p.33 ).  It  also give us over half the  windiest  areas  in the  US which are North 
Dakota,  Wyoming,  and Montana. What  will that buy us?
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6.2   Wind energy calculations

What we  can  we  get  from  a wind  turbine

The National  Renewable  Energy maps of wind speeds across the US [29] give 
an average annual  wind speed of greater  than  6m/s  for mid-western  states  
and  less than  6m/s  overall  at  a height  of 30m.   Assume  about 7m/s to be 
on the generous side.  Power per unit  area for wind is the kinetic  energy per 
unit  of time.  This is used in appendix  2 to calculate  an average  output of 
about

400kW/turbine

for a turbine with a 2MW  rating  and 90m blades or about

2W/m2

in terms  of land area covered.

Taking  our land area of 695.109 m2   this give a capacity  of

100 kW h per day per person

which is greater  than  current electricity  use or

40 per cent

of total  energy requirement for the US.

Consider  the UK. Since a larger  proportion of wind turbines could be sited 
off shore the assumption of an average wind speed of 7m/s might be more 
realistic.  If we cover an area of about  ten percent of the land mass we get

18 kW h/day/person

or ball park  about 15 percent of total  energy consumption.

6.3 Remarks on calculations

What if we  only cover half  of California with windfarms?

How plausible is it that we cover an area the size of Texas or ten percent of 
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the total  UK? If we reduce the total  land area in the US covered to about  half 
the size of California  we get 212.109 m2   to give

32 kW h per day per person

which is approximately 12 percent of total  energy use for the US.

By building  taller  towers  or using larger  blades  it is possible to get more 
power per unit  but at  the  cost of extra  spacing  and  less efficiency. For exam-
ple  with d = 54m turbine load capacity  would be about .3 and redoing the 
calculations roughly halves the watts  per metre  squared.

In a similar  way assume  we cover most  of the  US shallow offshore water  with  
offshore wind farms  to get an area  of about  20,000km2 .  If the  power density  
is more than  that calculated  above at  3W/m2  we can get about

5kW h/day/person

6.4 Material balances

An area about  six times the island of Manhattan is needed to replace 
one standard power plant

(a)		 Material

The material  for one 2M W  wind turbine is roughly

Steel 150 tons

Concrete  1, 000 tons

From  our previous  calculations, or by simply assuming  a wind farm  has about  
a 25 percent  capacity, we need about  2, 000 turbines with  a rating  of 2M W  
to get the  same capacity  as a standard reactor.   Since the tower and the tur-
bines are under  significant strain  the life expectancy  is about  15 to 20 years.

It  is difficult  to  estimate the  extent  to  which material could be recycled.   
From  the  scale up  figures and ignoring replacement the amount of material  
required  to generate  1GW  is

Steel = 300, 000 tons

Concrete:  = 2.106  tons

or enough steel for about  5 Empire  State  buildings.

By building taller  
towers  or using larger  
blades  it is possible to 
get more power per 
unit  but at  the  cost of 
extra  spacing  and  less 
efficiency.
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This gives the ratios  of wind to nuclear  of about

Steel:  > 25 : 1

Concrete:  > 8 : 1

(b)  Land

A windfarm  with the same output as a standard reactor  would require  a land 
area of about

500 km2

or about  200sq miles.

This is a square  with sides 22km  ≈ 13 miles long.  It would cover an area more 
than  six times the size of the island of Manhattan.

This gives a land requirement ratio  compared  to a reactor  of

500: 1

although the figure does not take into account that some of this land could be 
used for agricultural and cattle grazing or left as non-forest  reserves.
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Bio-mass

7.1 The contribution

Questions about environmental value

The  emissions savings  from bio-mass  are  not  clear when farming,  transport, 
fertilizer  and  processing  are taken into account and there are some major 
environmental issues such as competition with world food supplies and land 
degradation. I include it here as a zero emissions option to get some sense of 
its potential contribution.

7.2 Total capacity

Ten  percent of agricultural land  gives less  than three per-
cent of total energy

The  most  efficient  plants  convert  about  two  percent  of solar  power  to  bi-
omass  although for most  it  is much  less with  the  exception  of sugar  cane  
which  has  a  potential efficiency of over  three  times  this[54]. Converting 
solar radiation to energy in bio-fuels it has an efficiency of about  .4 percent 
[10] and if we use the previous average of 5kW h/day/m2 this gives an energy 
conversion of about  1W/m2 . Assume we use the total agricultural land  area 
in the  US to produce  energy from biomass  and  that there  are no problems  
with water supplies and so on.  Most plants  that could be grown only have 
about a third  the capacity  of sugar cane so to be on the  high side, assume  
that our plants  have an energy yield of .5W/m2 .  Total  agricultural land  in 
the US is less than  4, 000 × 109 m2 . This gives a total  yield of less than

.5  × 10−3 × 4 × 1012 kW

and this gives approximately

160 kW h/person/day
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We need to make some adjustment for the energy cost of producing  and 
transporting this biomass.  Suppose it  is .3 of the  energy  currently used in 
US food production.  Total  energy  used  is 300 × 1011   kW h/year < .8 × 1011  

kW/h/day so .3 is 2.4 × 1010 W h/day. Subtracting gives

80 kW h/person/day

which is about  one third  of the energy needs of the average  consumer.

If we assume  that people  want  to  eat  a more  realistic,  and  still  generous,  
assumption is that about  10 percent of the agricultural land is devoted  to 
biomass.  This gives

8 kW h/person/day

or about  three  percent of total  energy needs.

Even  ten  percent of agricultural land  is a generous  assumption.  Such land  
is relatively  scarce in Europe, India  and Asia so we would expect  per capita  
figures to be less attractive.

For comparison,  Germany  is currently using about  twelve percent of its ag-
ricultural land for biomass.  Together  with  bio-waste  this  produces  about  
sixty  five percent  of renewable  energy  and  about  ten  percent  of electricity  
or about  two percent of its total  energy,  so the  figures are about  the  same.  
This  figure is inflated by the fact that Germany  imports  a proportion of its 
bio-fuel stock.

It will be noticed  that these figures are for thermal energy.  At a conversion  
to electricity  with .5 efficiency we get 4 kW h/person/day, although not all 
thermal would have to be converted.

We  think  this  is sufficient  to  exclude  biomass  from  further  consideration as 
a large  scale energy  source although it may have some back up potential for 
other energy sources.  It may also have some role in transport as a replacement 
for liquid fuel.
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Intermittent supply

8.1   Reliability

What happens when the sun doesn’t shine?

The main problem with solar and wind is that they are intermittent. To exam-
ine this start by assuming we try to meet total  energy demand  with solar and 
attempted to combine it with other sources.  The issues would be the  same if 
we started with  wind For  a crude,  but  not  inaccurate, idea of the  problem  
draw  a horizontal line to represent time.  This means that we have humps  
with a width  across the base of about  6  –  8 hours and a total  production, that 
is the area under  the curve, in this period of about  three  to four times total  
demand. In the remaining  period it is, practically, zero.

8.2   Combined renewables

The wind doesn’t always blow when the sun doesn’t shine

8.2.1. Combine solar  with wind

The  difficulty  is that wind  speeds  and  solar  radiation are  not  well corre-
lated and  the  wind  doesn’t  always blow during  the  night  or flip an  on coin 
every time  the  sun flips an  off coin.  The  output from wind farms across 
Denmark  has been described  as wildly fluctuating [39] and  there  are often 
extended  periods  in which wind  power produces  only a small  portion  of 
its  nameplate capacity.  In Germany, for example,  there  have been many  
periods of more than  one day in which the  solar and  wind system  produced  
almost  no electricity [2] and in Denmark  the wind power network fell from 
16% of demand  to less than  1% for fifty four days in 2002.



39

To meet  energy  demand  on a continual  basis solar and  wind may  require  
a back-up  of something  in the order of 80 − 95 percent of installed  capacity  
([8], p.  23, [48], [26]) or enough storage  for several days.  Could we support 
the system  without any back up from non-renewable  sources?

It  is often  suggested  that wind and  solar could be dispersed  across a wide 
geographical  area  and  energy transmitted from  points  with  high  output 
to  compensate  for low output elsewhere  [12].  This  reduces  the probabil-
ity of gaps in production, but  it is not  clear that these  can be eliminated. 
It requires  duplication of the wind power network  with associated  material  
demands.

8.2.2. Mixed systems with hydro, wave and  biomass 
filling  in for periods of low  output

The  best  storage  alternative seems to be some form of potential energy.  This  
could be obtained by pumping water or moving some other mass storage 
objects against  gravity  and releasing the energy when needed.  Water storage  
seems the  most  efficient  but  hydro  and  pumped  water  storage  are  limited  in 
their  capacity.  Hydro produces about  2% of global energy or about  8% in the 
US and less than  1% in the UK. Most of the best sites are already  used and 
there  are environmental issues with any large scale expansion.  Biomass could 
bridge the gap but  this raises the questions  about  capacity, land usage and 
environmental damage  discussed above.

A study  by Delucchi and Davidson suggest it might be possible to bridge the 
gaps with a system combining wave and  tidal  power with  all other  sources 
[12]. This  requires  dispersal  of wind and  solar sites over several hundreds of 
kilometres,  and extensive use of batteries as well as demand  management. I 
also requires that the total  capacity  of the system  be significantly  overbuilt.
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8.2.3. Combined forms  of storage and  batteries

It  is not  clear that batteries  can provide  sufficient  capacity  for a global solu-
tion.   Assume  we need back  up for five days.  For the average  US consumer  
with a demand  of 250kW h/day this would require 25 tons of lead acid bat-
teries or about  12 tons of alkaline batteries. An average UK consumer  would 
require about  12 tons of lead acid or 6 tons of alkaline  batteries. Across a 
planet  of 7.109  people we need about  84.109  tons of lead at UK living stand-
ards or about  one thousand times known lead reserves.

Tesla  announced in 2015 that they  would market  a power pack with  a ca-
pacity  of 7kW h for $3,000.  Assume every individual  has sufficient roof area 
to provide their total  domestic needs.  Consider the more modest question  of 
whether  this would be a feasible means of providing  for domestic  consump-
tion.

At a domestic  use of say 30kW h per day  and  allowing for a two  day  back up 
and  assuming  there  are no issues in extracting all available  energy from the 
batteries each house would require about  8 power packs.  For a five day back 
up approximately 21 power packs would be required.
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Comparative costs

9.1    Cost and feasibility

Difficulties with cost estimates

The  cost of a programme would only affect feasibility  if there  were an al-
ternative which were significantly less costly, or the cost of the only available  
technology  were sufficiently great  as to be be more damaging  than the effects 
of climate  disequilibrium. By significantly  is meant something  like twice as 
expensive.  It does not appear  that the cost, in terms of damage to the econ-
omy, of either  solar or wind or nuclear are high compared with the damage  of 
climate  disequilibrium.

In what  follows we review some of the  studies  on the  cost of solar wind 
and  nuclear.   The  short  story  is that levelized onshore  wind,  nuclear,  pho-
to-voltaic and  gas are  about  the  same.   Coal with  carbon  capture becomes 
more expensive and photo-voltaic and wind more expensive again, if we start 
to include back up and grid costs and  assume  a penetration of the  market  
of something  less than  or equal to 20%.  Solar thermal is significantly  more 
expensive than  wind and  photo-voltaic.  Given the  existence  of alternatives, 
this  has been excluded  from further  consideration.

Beyond these  generalizations the  estimates  are difficult because  of such 
things  as systems  level and  trans- mission costs.  There  are also important 
issues about  the  economic costs of different sources in terms  of the real dis-
placement of fossil fuel plants  and the value of the energy generated.

9.2 Estimating comparative costs

Solar, wind  and  nuclear about the  same if renewable contribu-
tion small

The most common way to compare  costs is across the life-time of the project  
by using levelized cost.  This has the disadvantage that it treats every unit  
of electricity  as having  the same value and this seems unsound in economic 
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terms.   Since it  takes  into  account  the  rate  of interest on initial  construc-
tion it  is sensitive  to interest rates  and  tend  to penalize  high capital  cost 
technologies  like nuclear.   Figures  given here have  used commercial  rates  of 
between  5 and 10 percent although in current circumstances rates  might be 
much lower.

The US Department of Energy and the OECD put the cost of coal without 
capture and storage and nuclear as roughly equivalent with onshore wind at 
slightly less using levelized costs if the back up costs are not taken into account 
[13]. Hydro and gas without capture and storage  are the least expensive.  
Offshore wind is more expensive and  solar thermal is more expensive again.  
If carbon  capture and  storage  and  grid costs are taken in to account gas, on-
shore wind and nuclear remain roughly equivalent and are the least expensive 
after hydro with offshore wind and solar thermal about  two times more expen-
sive [35]. Other  studies  give similar figures, for example  ([8], p.27) and [51].

Here is a table  that combines  the  US Department of Energy  projected  
levelized cost in dollars  per MWh (that is one thousand kWh)  and the OECD  
figures for grid level costs [13, 35].

gas 95

on shore wind 106

advanced  nuclear 110

coal with CCS 138

solar pv 173

solar thermal 289

One problem  with estimating the  costs of renewables  is that systems  level 
costs of buffering against  inter- mittent supply, changes to the grid and back 
up etc.  The Royal Academy of Engineering  attempted to make a comprehen-
sive  survey of all costs [42]. This put  nuclear  coal and gas at about  the same 
levelized cost without carbon  capture and  storage  or back up for gas storage  
with wind more expensive.  If systems  costs including back up are included  
wind is more than  twice as expensive as nuclear.

A recent study  by the Bureau  of Energy  and Resource Economics in Australia 
puts  nuclear  less expensive than  all technologies except gas from landfill and 
roughly equivalent to gas turbine generation and to onshore wind on 2012 
average figures. It is about  one third  the cost of solar thermal. See AETA:  
Projected technology cost ranges (2030) [5].
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9.3   Cost projections under uncertainty

Fallacy of assuming costs fall for only one technology

It is sometimes  asserted  that solar and wind costs will reduce more than  the 
alternatives. This needs to be handled  with the  same care as statements 
about  technology  change discussed  in the  beginning  of this  report and  we 
have to be careful of making  the  mistake  of holding  costs of one technology  
constant while assuming another  will fall. In this regard  it might be argued  
that nuclear  is most likely to see rapid  cost decreases since production tech-
nologies  at  scale are relatively  less mature than  solar or wind.  No assumption 
of this  type is made and we have ignored claims about  future  costs for all 
technologies.

9.4   Economic comparison based on value

Economic costs of nuclear may  be  less  than solar or wind

Benefits

A more acceptable  approach from an economic viewpoint would be to con-
sider the value of the electricity  generated  by different technologies and their  
benefits in terms  of the carbon  displaced instead  of averaging  across entire  
output and  ignoring  emissions reduction.  For  example  reliable  energy  at  
peak  load  is more  valuable than  intermittent energy or energy produced  
at other  times.  This comes closer to capturing more of the total value of 
alternative technologies  than  levelized cost.

A study  by Frank  published  by The  Brookings  Institute makes  a compari-
son  of the  total  benefits  minus total  costs  at  different  carbon  prices  [23].  
A problem  here  is the  underlying  assumption that the  price  of carbon  
reflects its aggregate  costs and,  in this respect,  the premises of the study  
are somewhat  different from those in this paper.  Buffering costs and sys-
tems costs have been dealt  with by reducing  the capacity  factor  of wind 
and photo-voltaic.

For a carbon  price of 186 US dollars per ton the benefits net of costs for the 
different technologies as ([23], table  11) in dollars per M W  of installed  ca-
pacity  is

wind:  $265 million 

photo  voltaic:  $0 

nuclear:  $1, 420 million

A more acceptable  
approach from an 
economic viewpoint 
would be to consider 
the value of the 
electricity  generated  
by different 
technologies and their  
benefits
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At a carbon  price of 50 dollars  a ton  the  costs of wind and  solar are greater  
than  their  contribution.  In dollars per GW  of installed  capacity

wind:  −$25 million

photo  voltaic:  −$189 million 

nuclear:  +$319  million

Systems costs

A similar idea has been pursued  by Ueckerdt  et al who criticize the levelized 
cost approach for failing to take value  into  account  and  to  adequately cover 
systems  costs  [48].  They  also point  out  that the  levelized cost approach 
doesn’t take  into account that renewables  may fail to reduce the capacity 
requirements for thermal power plants.  All these additional costs are given 
the name integration costs.

To cover integration costs they  develop a measure  of systems  levelized cost.  
Wind  and  photo-voltaic have different  characteristics but  they  are similar  in 
that at  anything greater  than  about  20% of total  electricity generation  their  
integration costs are in the  same range  as their  genration costs.   This  means  
final cost has roughly doubled.

At levels of penetration beyond 20% integration costs begin to increase at an 
increasing  rate.

9.5   Case study

Germany could have zero emissions with nuclear for the  price  of 
renewables

Because of the size of its experiment with solar and wind Germany  provides 
some useful comparative data. Consider  a ball  park  opportunity cost  com-
parison  It  is estimated that the  renewable  programme will cost Germany  
more than  $1.3.1012  by the end of the 2030 to get 80% of electricity  provided  
by renewables  and the remaining  20% by fossil fuel [41]. This gives renewables  
in electricity  about  13% of primary  energy.

If the same amount had been spent on nuclear reactors  at the cost of the Olk-
ilouto  power station over three times total  electricity  supply could have been 
provided,  or about  half Germany’s  primary  energy.  On Chinese nuclear  build 
figures it would have bought more than  all Germany’s  primary  energy.
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Summary and  conclusions

No feasible solution without nuclear

The previous  calculations  can be briefly summarized  by saying that:

1. The  planet’s  primary  energy  could  be obtained from  solar  and  wind  
in the  sense that there  is more than enough solar energy  to  meet  this  
demand.   The  feasibility  of a programme that relies solely on solar 
and  wind  with  some back  up  from other  non-nuclear  zero emissions 
sources  is questionable, however.   The land,  material  and  other  en-
vironmental requirements are  extreme  and  would seriously  strain  re-
sources  and production capacity. The land and biomass requirements 
would also restrict global food production. 

2. If we wish to maintain existing  patterns of production and  distribution there  is no 
obvious solution  to the  problem  of intermittent supply  that does not involve fossil 
fuels or nuclear  energy.  For the medium  term  future  we do not have the storage  
required  to overcome gaps in production.

3. There  are no obvious material  or cost barriers  to providing  all, or some portion  of, 
our energy requirements  with nuclear  power.

4. From  the cost and material  figures nuclear  seems to be the least resource intense  
option  and the fastest way to displace existing generating  capacity.

5. Although  there are risks associated  with nuclear energy these seem to 
be well within what  is manageable in an advanced  technological  system.

It is our view that these  considerations are sufficient to support the con-
tention that nuclear  energy is nec- essary in the sense of the constrained 
imposed by materials, the urgency of the problem  and the limits on our 
ability  to reconfigure advanced  industrial societies to withstand fluctuations 
in energy.
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We understand that there  is no metric  to measure  comparative risk for rare  
events.   On the  other  hand, given the previous  considerations and the struc-
ture of the problem,  we believe that a manageable  risk with a limited  down-
side is less of a threat than  an unmanageable risk with a limitless downside.
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11  appendices

11.1   Appendix 1. Characteristics of nuclear reactors

Once  through pressurized water reactors. Most electricity  is currently pro-
duced  by once through slow neutron reactors  with  an average  capacity  of about  1GW.  
These  typically use pressurized  water  as a means of heat  extraction.  By once through  is 
meant that the  fuel is used until  all the  energy that is commercially available  for this  type  
of reactor  is burnt and  the  remainder is discarded.   This  is about  25 tons  per  year. By 
slow neutron is meant the  speed of the  neutrons in the  fission process.  This  process burns  
up less than  1 percent of the energy available  in the original uranium  ore.

Fast  breeder reactors.  The  term  ’breeder’  comes  from  the  process  whereby  a 
reactor  can  increase  the available  nuclear  fuel by converting  U238 and  other  non-fissile 
elements  into  fissile material  such as PU239. Most  fast  neutron reactors  can  be used as 
breeder  reactors  and  are  sometimes  referred  to  as fast  breeders. The breed ratio  can 
be set so that the reactor  creates  more or less fuel than  it consumes.  It follows that a fast 
breeder  reactor  has the  capacity  to extract most  of the  energy from the  200 tons  of mined  
uranium  used to get fuel for a slow neutron reactor  and  also to use the  25 tons of waste.  
Taking  into account efficiency losses this  allows them  to extract about  100 to 150 times  
more energy from a unit  of uranium  than  slow neutron reactors.   It  is also possible to  use 
Thorium, Th232  as a fuel, which the  reactor  converts  to  U233.  This  is roughly three  to 
five times more abundant than  uranium.

Fast  breeder reactor  have been run experimentally since the 1940’s using lead or liguid so-
dium as a coolant. One current design is the integral  fast reactor  which reprocesses and 
recycles waste on site.  It requires about 90kg of uranium  for fuel each month,  or about  
four to five shoe boxes.

It  is also possible  to  use slow neutron reactors  as breeder  reactors.    In  this  case the  best  
fuel source  is Thorium, Th232, which the reactor  converts  to U233. This is roughly three  to 
five times more abundant than uranium.

Small nuclear reactors. Small reactors  are usually considered to be anything up to 
about  300MWe. These were originally  developed  for military  use and  there  are active  
development  programmes  in the  US, Russia, China,  France,  Japan and South  Korea.  There  
are now several commercial designs starting from a capacity  of about  5  — 10 M W e reac-
tors.  These are sufficient to supply all the energy needs of about  500 to1, 000 people or the 
electricity  needs of about 2, 000 to 4, 000 people at current American  rates  of energy use.  
See [69] for a complete  list and description of current designs.

Small  nuclear  reactors  can  be either  slow or fast  neutron.  Most  of the  newer  designs  
are  fast  neutron, including  the standing, wave reactor.

2

There  are  a number  of features  that make  small  reactors  interesting.  Among  these  is 

2 This  is being  supported by TerraPower with  investment by Bill Gates.
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that they  can  be massed produced  and shipped to site.  It would be expected  that this 
will dramatically reduce costs per unit of capacity. They can also be used as ’plug and play’ 
power units or to operate  as U-batteries with the capability to run for at  least  ten  years 
without refueling.  In addition  they  can be shipped  to unstable  regions as closed units  and 
replaced  as needed.

11.2   Appendix  2. Wind energy

The formula  for kinetic energy

where m̄   is mass and v is velocity.

Mass will be the  volume of the  air that passes the  wind turbine  in any unit  of time  multi-
plied  by density. Volume is velocity multiplied  by time.  To get the mass per square  metre  
write density  as ρ.  Then

where t = 1.

Air density  at sea level is approximately  ρ  =  1 . 2kg /m 3 and watt is W = 1kg    . Be 

generous and assume an average  wind speed in the best locations  of 7m/s This gives kinetic 

energy per square  metre  as

It is not possible to extract all this power since the wind has to retain  some kinetic energy and 
the maximum theoretical possible rate  of conversion  for a disk type wind turbine is about  
.6.  I assume  we can get close to this.  We also have to take long distance  transmission losses 
into account so I will assume an efficiency of about .4.

Consider a large turbine with a 2M W  capacity. This will typically have a blade diameter of 
d ≈= 90m the area is π( 90 )2 . This means we get the average  power per wind turbine of

Optimal  spacing is about  five times  diameter so this  give one windmill per (5 × d)2  = 202, 
500m2   with an average  output of nearly

2W/m2
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