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Introduction 

I’ll introduce myself by way of saying that I am a Botanist by background focusing on nuclear 

energy.  I was an inter-varsity staff worker for several years after graduation and working on 

rainforest ecology.  I was a school teacher for three years, a senior biology teacher.  I joined 

the mining industry as environmental scientist in 1974 and then moved into a number of 

other roles in the industry and got involved in writing the first edition of the book, Nuclear 

Electricity in 1978, which actually hooked me on nuclear power and I have progressively 

moved in that direction since.  It is now in its ninth edition, although only the second edition 

under the title Nuclear Energy in 21st Century.  It was published last year.  And just to state 

my position with regard to coal and renewables: in respect to coal, I think there is no way we 

can or should do without it as a major resource, so roll on carbon capture and storage!  With 

regard to renewables, I think we should use as much as practicable and economic, but I 

oppose the populist push. 

 

Two perspectives on nuclear 

So, let’s talk about nuclear.  Two perspectives, first of all a world perspective with regard to 

population projections. This is from the World Energy Council a few years ago but still 

reasonably valid, showing a huge increase in GDP, primary energy use, CO2 emissions, 

mobility – which is interesting, with a huge increase projected.  Another perspective is of 

God’s providence and there is a paper on this coming in Science and Christian Belief in mid 

year. 

Firstly, there is abundant nuclear fuel, enough for centuries.  It provides large-scale and 

continuous reliable power, aka base-load power.  The physics of nuclear energy enables 

control of both moderated and fast neutron reactions and that is an extremely providential 

thing, maybe an anthropic principle and I can talk more about that if you are interested.  It’s a 

mature technology with 14,000 reactor years just in the civil area and about the same in the 

nuclear navies.  It represents a timely availability as a mature technology due to carbon 

constraints and a liberal provision by God, I believe, for human needs through this. 

Electricity and human development – it is just very interesting to see that per capita electricity 

use correlates very strongly with the human development index, I think, on many different 

scales, and electricity use is a good way of getting people forward.  Part of my theme, 

particularly in this paper, is related to people. 

Let’s just talk about primary energy very briefly.  The notable thing is the proportion of 

France, Germany, Japan and US primary energy which has to be imported and somebody 

else has made comments about energy security. Also of course, there are also economic 

aspects in the exports here. 

http://www.world-nuclear.org/
http://www.world-nuclear.org/
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World primary energy, the scenario with no change, you can see the pattern is much the 

same between now and 2030.  Of course if you change the policy, those will change but I 

haven’t got time to go into that now. 

Moving to electricity, consumption by region is increasing, but the OECD is relatively flat. 

Asia has a huge increase foreshadowed by 2030 in electricity.   

There are currently 433 world nuclear power reactors operational, 62 under construction and 

156 firmly planned.  14% of world electricity, concentrated in the eastern part of North 

America, in Europe and in East Asia.  About half of the reactors under construction are in 

China.   

At the moment, there is a lot of nuclear power providing electricity around the world that is 

carbon-free - the green portions.  Secondly, coal-fired power (red) means approximately 1 

kilogram per kilowatt hour of CO2 emissions. There is a great deal of scope for accelerating 

carbon capture.  The third thing is gas. There has been a big dash to gas over the 1990s as 

you in Britain are aware more than most.  It has cheap capital cost, but once you have built 

the plant you are at the mercy of energy prices and there is a good deal of scope for painting 

that one green too.  Gas is a magnificent fuel and chemical feedstock in other respects as 

well. 

 

Drivers for nuclear expansion 

So what are the main drives for nuclear expansion in the world at the moment?  First, just 

basic economics, including increased fossil fuel prices.  Secondly, the prospect of carbon 

emission costs, although I should say that at least two-thirds of the reactors under 

constructions in the world are in areas where those prospects are rather more remote than 

here in UK.  Thirdly, insurance against future fuel price increases, because if you double the 

fuel price for anything, with nuclear power that has very little effect. With gas it has a huge 

effect.  Doubling the fuel price for gas would have the effect of increasing the cost of your 

electricity by 70%. Doubling the fuel cost for nuclear increases it by about 3 or 4% electricity 

price.  Finally, energy security.  This is a geo-political thing and it is becoming more and 

more important. 

We have had a very helpful exposition of base load power and power profiles from a 

previous speaker, but the point I want to make is that this is a summer load profile – that’s a 

high winter demand profile, the base-load is about 55/60% of the total demand that you have 

got to allow for, but it is about three-quarters of the actual electricity supply.  Base-load is 

supplied relatively cheaply, compared to peak load, which comes in later on.  So the main 

point here is that most demand is for continuous, reliable supply and that is just a fact of life, 

a fact of modern economies like this. 

Wind is low carbon, but it has got some problems.  The Danish Wind Energy website shows 

a graph where each line is one day of one week in western Denmark with 650 megawatt 

installed capacity and that looks pretty pathetic.  In fact, that works very well.  The reason it 

works well is that they have got a 1,000 megawatt interconnector with Norway, so when the 

wind drops, they just turn on a tap, and that relationship between wind and hydro does in fact 

work well.  Another example is wind farm output in south eastern Australia.  All the wind 

farms, 830 megawatts – over one week in May last year.  And that is over about 1,000 
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kilometres east/west of those wind farms and that is not something that matches very closely 

with the profile of actual energy demand.   

So, where else do you look for low carbon electricity?  Well, nuclear.  France has had 

nuclear power for quite a while, before 1970, but in 1970 there was the oil crisis and they sat 

down and said ‘listen, we have got to take a look at our energy imports’.  They were 

importing a lot of fossil fuel and they said, ‘we are going to go nuclear in a big way’ and they 

did and they standardised their reactors.  So the first of those new ones came on line in 

1977, the last of that programme came on line in 1999 and you can see that they get about 

three-quarters of their electricity from nuclear, 58 units in operation on 19 sites and the 

cheapest kilowatt hours in Europe so they claim, and certainly that is a defensible claim, 

though you could nit-pick a little. The standardisation has helped them with that and they are 

also, of course, net energy exporters to this country.  They are the largest net electricity 

exporters in the world. 

The US picture, production costs for nuclear are very low but beware, any figures you see 

from the United States exclude capital.  The capital is the big killer with nuclear as we will 

see. 

Let’s look at the costs of nuclear, gas and coal in Finland in 2003.  The first thing to say is 

that the capital costs are hugely greater for nuclear, double coal and three times gas and that 

is a very big impediment to new nuclear investment.  The operating costs are vaguely 

comparable, gas is certainly low.  Fuel costs, however, very low for nuclear, very high for 

gas, medium for coal.  If you double the fuel costs for each of these, you get a very different 

result.  Then if you add emission trading at 20 Euros per ton of CO2 on coal and gas, that 

gives you a picture of 2.37 compared to 4/4.5 Euro cents per kilowatt hour, and that was the 

basis on which they made a major decision.  It is pretty much the basis on which most other 

decisions have been made around the world today for new nuclear power. 

Energy subsidies and taxes.  From and to governments, US production tax credit is paid to 

generators and in other parts of the world, at the government level not the consumer level, 

you have got a levy on specified sources.  Nuclear in Sweden, Belgium, Germany and 

Finland is so profitable in those countries that it is taxed uniquely.  There are no subsidies for 

nuclear anywhere in the world at this point. There are some offered in the US and by subsidy 

I don’t mean up front R&D expenditure in the last half of the last century.  I am talking about 

subsidies in a per kilowatt hour sense.  Subsidies from consumers, which are mandated by 

government of course, not a voluntary imposition, you have feed-in tariffs which is a set price 

paid by the grid company and passed on to consumers. You have got renewable obligations, 

the RET which is a set proportion paid by the grid company and passed on to consumers.  

You have various permutations and combinations on these which are expounded in the 

paper on the website. 

In terms of cost of electricity generation, you also need to look at external costs; that is, costs 

which are quantifiable but not paid by the electricity consumer.  They are paid by society at 

large in terms of health effects, environmental effects and so on.  The coal cost can actually 

double the generation cost in real terms.   

Energy accounting is another way at looking at electricity generation; that is, energy input 

versus energy output.  A plant in Sweden has ordered a life-cycle assessment and there the 

input is 1.35% of output, taking output for 1 gigawatt over 40 years.  The figures I use are 
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about 1.7%, a bit more conservative and if, as projected, you go to very low grade uranium 

0.01% you get up to 2.9% of output,.  Still a good return on input. 

Uranium resources (and this is where I pick a bone with a previous speaker, Andy).  Since 

1975 the known world uranium resources have expanded 2 ½ times.  What has changed is 

knowledge, and knowledge changes whenever you spend money on exploration.  Graphing 

cumulative exploration expenditure on uranium alone, you get quite a good correlation.  As 

you go on spending money on exploration you find more.  Not that you don’t know vaguely 

that it is there somewhere, but the point is before you publish figures you have got to have 

very good data, otherwise if you are a mining company executive or director you can get 

chucked into prison in certain parts of the world.  Those figures have got to be good, so any 

published figures on resources, whether they be copper, iron ore, lead, or uranium has to be 

backed up by pretty good data, and that costs money to get. So be sceptical of any numbers 

you see quoted and realise that they are always provisional and keep in mind ‘known’ even 

though that word is not always used. 

The world picture of uranium mining is significant.  A lot of mining was for weapons 

programmes.  I have added to the figures for demand for nuclear electricity generation a little 

bit that for demands for nuclear navies; that is, demand for what propels 220 submarines 

around the world at high speed.  There is a big deficit between the amount mined and the 

demand since late 1980s and a lot of this earlier surplus has gone into filling that deficit.  

That gap has to start closing pretty quickly, so the demand for mined uranium is going to 

increase in the next few years. 

Greenhouse gas emissions from electricity production is around 1 kilogram per kilowatt hour 

directly if it is coal, plus whatever you like to factor in for moving it around the world and for 

other parts of the fuel cycle.  Gas is about half that.  With nuclear it is very much mining and, 

according to some figures, older technology enrichment.  I generally use a figure of 20 grams 

per kilowatt hour.  This means that every 26 tons of uranium oxides sold from an Australian 

or Canadian or Kazakh mine used, saved 1 million tons of CO2 relative to coal.   

As well as nuclear power in the grid, you also have nuclear power used in shipping, the latest 

being powered by 270 megawatt thermal reactors, giving you 54 megawatts at the propellers 

and that will go through about 3 metres or 3.5 metres of ice and it keeps the northern 

shipping routes open.  There are quite a few nuclear-powered submarines still in the world, 

though much less than there were, and they burn uranium. 

The first Russian floating nuclear power plant is nearly ready for action.  This is a basically a 

couple of 40 megawatt reactors from the previous ice-breaker, stuck on a barge and made to 

look pretty!  That is being built at St Petersburg and will be deployed to east Asia.  A second 

will be deployed and others are planned.  The first floating nuclear power plant was in 1967 

in the Panama Canal zone. 

Another new concept which is echoing the off-shore wind farm, is off-shore nuclear farms 

and this is a recently announced concept from France with each pod having a 50-250 

megawatt pressurised water reactor sitting on the seabed about 6 kilometres offshore.  As 

well as that there is also the question of nuclear desalination.  Water is going to become a 

major factor in world politics in the next few years.  Two ways that nuclear power can be 

used: firstly reverse osmosis (RO) where you use electric pumps and, secondly, distillation 

where you use waste heat for co-generation. 



 

Encounters Mission Journal Issue 37 June 2011 5 of 8 
 

 www.redcliffe.org/encounters  
 

Another way of using nuclear power is for electro-mobility with plug-in hybrid electric vehicles 

and electric vehicles which you charge off-peak.  This then increases your proportion as 

base-load.  If you take your charge off-peak you raise your base-load percentage by about 

30% and this has the potential for decreasing the unit electricity cost for everybody because 

the base-load cost is cheaper than the peak load as a rule.  So that is the picture then and 

you get a much larger base-load proportion, much cheaper electricity overall and that is a 

really win-win situation and a realistic scenario. 

Nuclear process heat – for instance with synthetic crude oil from coal.  If you have got a 

nuclear source of hydrogen and nuclear process heat, you can get double the liquid hydro-

carbons from coal and eliminate most CO2 emissions.  And you can also liberate oil from tar 

sands, just by making steam.  So there are various things there in mind.  In terms of the 

hydrogen economy (this is getting way out now, but it has already been mentioned by a 

previous speaker), today there is 50 million tons of hydrogen made, for oil production mostly, 

cracking long-chain hydro-carbons.  In the future, if there is some sort of hydrogen economy 

with regard to whatever (motor cars, etc.), we can envisage about 1,000 million tons a year 

for use in fuel cells.  Today, hydrogen comes from steam reforming of natural gas and we are 

on the threshold of improving on that to be able to use high temperature electrolysis of water, 

or actually of steam, because it is high temperature.  But the holy grail in this respect 

technologically is thermo-chemical production from water using nuclear heat.  But that needs 

950 degrees Celsius, whereas most reactors today are operating at less than 350 degrees.   

Many UK ones are a little hotter, but they are about to go out of operation and no one is 

going to build any more of that type. 

The sources of mined uranium (again there is this energy security issue).  Kazakhstan is 

getting bigger but the point is, mined uranium is not all in the Middle East or in unstable 

political regions, therefore it does not impact the US defence budget, as I think John 

mentioned. 

Nuclear fuel cycles: first the open cycle. Mining and milling is at the mine site wherever the 

uranium ore is, and mine tailings stay there.  Uranium oxide is then sold to whoever runs the 

reactor as a rule.  It is then converted on a toll basis and enriched on a toll basis.  After fuel 

fabrication it then goes into the reactor for three years typically and is then stored and 

disposed of.  That is the open fuel cycle in many parts of the world, including USA and 

Sweden.  In the course of that about five-sixths is parked there as depleted uranium which 

may be viewed as a waste, or may be reviewed as a resource, but we will come to that.   

So if you then close the fuel cycle, you instead re-process used fuel as has been done in this 

country for many years.  Re-processed uranium can either go into storage or go round back 

to the conversion plant.  Only 3% then is reported as waste to be vitrified and that is high 

level waste, a bit different from what comes out of the bottom of the coal plant.  96% is 

mainly stored uranium, 1% is plutonium which goes into mixed oxide fuel drawing on this 

depleted uranium and that goes into the reactors as fresh fuel.  There is quite a bit used 

(about over 30 reactors in Europe using mixed oxide fuel, about 10 Japanese reactors are 

about to do so and a few others here and there).  But that is the closed fuel cycle, as it was 

intended to be originally.  A very small amount of high-level waste there.   

And then you have got the fast breeder nuclear cycle.  Fast breeder reactors, you have got 

about 300 reactor years of experience notched up, including some in this country.  Russia is 

the only country with a major fast breeder reactor operating at the moment, with the Indians 
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going in that direction.  So are the Chinese, Japanese, French, and US all anticipating fast 

reactors being a major deployment by the middle of this century.  So here you have got 

about 1 ½ million tons of depleted uranium parked around the world today as a resource and 

there will be a whole lot more by the middle of the century of course.  So fuel fabrication here 

from both reprocessed uranium and plutonium into the reactor as before and some wastes, 

probably in the same order of 3% or something like that, vitrified and disposed of.  So that is 

what we will be looking at much more by mid-century. 

Just looking at those various elements, uranium conversion is simply a chemical process, 

uranium enrichment is a purely physical process.  Most enrichment capacity being installed 

today is centrifuge which uses about one-fiftieth of the amount of energy as the old diffusion 

enrichment process and, on the horizon, is a laser enrichment process invented in Australia 

and being development in the US. 

At any rate, after all that, and the fuel fabrication, you get fuel pellets and each fuel pellet is 

worth nearly 1 ton of coal.  So it is a very dense energy source, very concentrated.  Those 

fuel pellets are put into tubes and the tubes are put into assemblies, ready to go into a 

nuclear reactor.  The assemblies typically stay in the reactor for about three years.  The 

reactor core is relatively small; the fuel assembly is about 4 metres long and there might be 

in a 1,000 megawatt reactor about 200 of those.  All of that is in a pressure vessel because 

this is a pressurised water reactor so your primary loop is all water under very high pressure 

of about 320 degrees.  You make steam in a secondary container, all of that is in a big 

concrete containment structure which was originally designed to contain it in any disaster 

that may happen and not spread radioactivity over the local community.  These days, this is 

seen as an excessively conservative idea/notion but, on the other hand, with crashing planes 

and so forth, having 1.3 metres of reinforced concrete around things is a really great matter 

of peace of mind today.  So that is serendipitous and no one was thinking that way when the 

original reactors were designed in the 1960s. 

 

Nuclear power and safety 

A lot of countries around the world are increasing their capacity in various ways, as well as 

building new capacity.  The main thing to say about nuclear power is that it has a safety 

record unmatched, I suggest, by any major technology.  Chernobyl was an outlier in terms of 

the whole thing. That was a reactor that could not have been licensed outside the Soviet 

Union and is essentially irrelevant to anything operating in the West or in Russia since then.  

The point is a matter of perspective; more people are killed every two days in the world’s coal 

mines than died as a result of the Chernobyl accident, so it was a disaster but it was 

essentially irrelevant to the mainstream of nuclear power in the world today. [1] 

Generation III reactors were first built in the '90s in Japan, but there are now many more.  

Four are being built in China and they are steaming ahead with those.  In Finland they are 

building one which is way over-budget and over-schedule but it is coming along.  The French 

have EPR reactors and the first four built in this country will be EPRs.  The third generation 

reactors, EPR I mentioned and a number of others, APWR are going to be built in America.  

All are very big, but the HTR-PM is 205 megawatt reactors driving one turbine in China and 

this is a modular type of thing.  It is a high temperature reactor which will deliver about 950 

degrees Celsius and this is probably the future of things nuclear in many respects.  The 
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whole small and medium reactor picture is interesting.  You have increasing interest for most 

progressively constructed large plants, so that you get a cash flow from the first unit, before 

you need to pay out for the third and fourth.  For small grids for isolated sites many 

innovative designs, ranges in sizes up to 300 megawatts, which is what IAEA calls small, and 

700 megawatts medium. 

Fast neutron reactors I have talked about, many are and will be operated as breeder reactors 

which is why the uranium resource will last for centuries, not just a couple of decades.  The 

BN600 and BN800 in Russia; the BN600 has been operating for 20 years very, very well.  

The BN800 design is about to come on line in Russia and two have been sold to China and 

you have got various other ones in other parts of the world. 

Generation IV reactors are due to come on line in 2025/2030.  Note that most of them are 

fast reactors or capable of being fast reactors, most of them are low pressure as distinct from 

today’s high pressure ones and they use a variety of interesting coolants other than water 

and the fuel is also fairly diverse. 

There is a military provenance to civil nuclear power which is interesting.  Naval experience 

coming across to civil employment, submarine PWRs becoming power reactors, and also the 

military high-enriched uranium which is being broken down to low-enriched.  Half of the 

nuclear electricity in the US today is from Russian weapons uranium which has been diluted 

and exported to the USA, and also military plutonium is now coming into MOX fuel for civil 

use.  There is no reverse flow in any country. 

 

Conclusion 

Regarding nuclear weapons, the 1960s expectation was that at the turn of the century there 

would be over 30 nuclear weapons countries, in fact there were only eight and this is 

testimony to the effectiveness of the nuclear non-proliferation treaty (NPT).  There are 

proliferation concerns today in Iran via enrichment, North Korea via plutonium and they are 

real concerns but they are not related to any civil programme.  You have controlled civil use 

in 28 countries plus Taiwan under the NPT, and India and Pakistan which are partly under 

the NPT.  As for nuclear liability insurance, there are some strong international principles 

here whereby not only is the reactor insured, in the same way that your car is insured, but 

you also have third party liability cover under various conventions.  So the nuclear future 

means that you have got a mature technology, electricity since 1956, increasingly 

competitive as fuel costs rise, environmental drivers – carbon emissions and clean air, 

energy security drivers, particularly in the EU and USA, and so nuclear power will be part of 

the future more widely. 

 

Notes 

[1] The major accident to three reactors at Fukushima Daiichi in March 2011 has cast doubt on the safety resilience of some 

older western reactors.  While the reactors shut down safely as designed when the major earthquake hit, the huge tsunami an 

hour later disabled their cooling systems and back-up power provisions so that decay heat (about 1.5% of operating heat at that 

stage) could not be removed.  The fuel apparently melted and volatile decay products in the fuel were vented with steam and 

hydrogen as internal pressure rose to about twice design levels.  A large amount of radioactive iodine (with short half-life) and 

caesium (much longer) was deposited up to 50 km from the plant.  Well before this the inhabitants had been evacuated, but 

there is massive inconvenience to some 100,000 people, in addition to the direct effects of the tsunami in the area (which killed 

over 25,000 people).  After more than three months there have been no deaths or serious radiation exposures from the 
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accident, and hundreds of people working on the radioactively-polluted site are cleaning it up, restoring proper cooling (for 

ongoing decay heat removal) and treating a lot of contaminated water.  
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