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Fewtodaywouldbelievethatthemeansareathandforeveryhuman
onEarthtoliveinpeaceandprosperity,amidathrivingbiosphere.And
yetitisso.Throughthedevelopmentofscientifictechnology,
humanityhasgained(andbeguntoexercise)immensepowertoalter
theconditionsoflifeonEarth —forgoodorill.

Thenuclearfissionchainreactionandthehigh–speedrocketdo
more :theyfundamentallychangetherelationbetweenManandthe
Cosmos.Theforceswhichlightthestarsandshapethegalaxiesare
gatheredintoourhands.Thedreadinspiredwhenthesepowerful
instrumentalitiesliterallyburstupontheworldinthehorribleformsof
V–2sfallingonAntwerpandLondon,andatomicbombsonHiroshima
andNagasaki, andbytheirconstantusesincethattimetomenace
civilizationitselfwithutterruin,haskeptthemfrombeingallowedto
dogoodthattheworldhassorelyneeded.

TheobjectoftheSociety,then,isliberation —fromwantandfear,
fromtoilanddrudgery,fromwarsoverscarceresources,and
ultimatelyfromthebondsofplanetaryexistence.

(continuedinside)
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THIS first number, of what we hope will become an ongoing series,
is necessarily a trifle thin. A considerable part of the material is

shared with the Man and Atom Briefing Book. We eagerly solicit your
contributions  — letters of comment, pieces ofwriting which might suit,
illustrations suitable for line or halftone reproduction, extracts of text
or image from some source which has crossed your path. (As will be
seen throughout, graphics are an especially urgent need.) We mean to
be forthright in our viewpoint, but not necessarily bombastic, and
certainly not mean–spirited.

Our intent is, first, to articulate our positions to our friends, and to
those who might be friends  ; and, as much as we can, to bring the story
and the spirit as well as the plain facts before the public, recognizing
always that those facts (although well recited in many places) are not
common knowledge to the man in the street. Indeed  — and here is the
point upon which attempts at communication, no matter how well–
meant, often stumble  — he is often not prepared to receive them, not
only because they rest on a basis of other facts with which he is not
conversant, but even more because he does not have the world–picture
into which they fit.

We must take the more care to keep our facts factual, and to be
always as honest and forthright as we can, precisely because there are
so many merchants of world–pictures who do not scruple over the
truth of what they say, or even its accordance with their own views, so
long as it draws attention and gains agreement.

Broadly speaking, a deficiency of public understanding of science
poses a problem in a democratic society — especially one that is also
a technological society so dependent for its human progress on
scientific progress. But in recent years we have become impressed
with the fact that public understanding of the atom specifically is an
even more urgent problem, as to a growing extent our very future
may hinge on how wisely we manage this great new source of
energy and its myriad applications.

Human civilization is rapidly approaching a series of crises that
can be managed only through some radical departures in Man’s
dealings with the relationship between energy and matter. Nuclear
energy holds one key — a crucial one — to the successful resolution
of these crises. Without it there is no doubt that civilization, as we
know it, would slowly grind to a halt. With it not only will we be able
to raise a greater part of the world’s people to a decent standard of
living, but we will be able to move all mankind ahead into an era of
new human advancement — human advancement which takes place
in harmony with the natural environment that must support it.

The work of the Society shall be to advance and promote the wise and
vigorous use — simply holding back, out of a superabundance of
caution, is no more wisdom than is blindly rushing ahead — of scientific
technology, and in particular the technologies of nuclear energy and
space travel, “in peace for all mankind”.

This means, first and foremost, conducting a vigorous propaganda  :
entering into personal contacts, both with the influential who can be
influenced and with ordinary people in the streets  ; mounting fixed or
traveling exhibits  ; and publishing and advertising in a variety ofmedia.
When the opportunity arises for acting directly, it should be seized.
Likewise, when there is something definitely to be gained by political
action, the Society should engage in it. Actions may be taken,
depending on the situation, as individuals or in a body, alone, joining in
work already undertaken by others, or initiating co–operation.

This will all require money as well as goodwill. It is a vital question
whether this money should be sought in the form of membership dues,
or whether these should be minimized or avoided, in the interest of
attracting and retaining the largest possible number of members. It
might prove best to offer an associate membership, secured by a modest
one–time contribution, and a supporting membership with recurring
dues, and to permit either to be commuted on the basis of notable
actions or contributions in kind. Governance must also be considered.



TheAtomintheWorldEnergyPicture

E
NERGYundergirdsourmodernworld.Energyiswhatmakes
possibletheunprecedentedagriculturalandindustrial

productivity,withoutwhicheightthousandmillionhumanscould
scarcelyliveonthisglobeatall —muchlesscouldanysubstantial
numberofusenjoyleisureandculture.Indeed,weallrelyforourdaily
breadonthefixationofnitrogenbytheenergy–intensiveHaber–Bosch
process.

Thelion’sshareofthisvitalprinciple,whichlightsandheatsour
homes,turnsthewheelsofourfactories,lightenstheburdensoftoilin
thefieldsandtheworkshopstoadegreeunintelligibletomenofpast
ages —whichraisesandkeepsusabovethelevelofthebeasts —comes
fromburningcoal,oil,andfossilgas.Andweknowthatcannotlong
continue.Theseleavingsofancientlifearehardlyunlimitedinextent,
andtheheavierthedrawwemakeonthem,themorework(energy
again!)wemustputforthtoobtainthem.

Whatpressesusevenharder,however,isthewaste.Theresiduesof
burningthesefuelsariseinsuchunmanageablequantitiesthatwehave
littlechoicebuttodischargethemintoourenvironment.Ofcourse
suchatorrentofeffluviachangesoursurroundings,andshiftsthe
balanceofNature.Fromallwecantell,thoseshiftsarenotina
directionthatbenefitsus.Andso,tosustainourselvesinaworldgrown
morehostile,werequiremoreenergy.Thatmaybeforkeepinguscool
inourhomes,orforobtainingfreshwaterwhentherainsfail,orfor
buildingdikesagainstviolentseas —butsolongasitcomesfromthose
samefuels,thecoilsonlytighten.

ForthreequartersofacenturyafterJevonspublishedTheCoal
Question,theonlyanswerseemedtobetheradiantenergyofsunlight,
anditstransformations,thepotentialenergyofwater,thekinetic
energyofwind,andthechemicalenergyofgreenplants.These
resources,althoughvastinextentandcontinuallyrenewed,arespread
verythinlyoverthesurfaceoftheEarth,andalsoveryunevenlyinboth
spaceandtime.Thepressoftheperiodisfullofelaborateschemes —
fordammingtheStraitsofGibraltarandallowingthelevelofthe

Thedemandforenergyarisesoutofaneedforenergy.Theneedfor
energyofgroupsofpeople,ofanation,isbornoutofadesiretolive
inajustandprosperoussociety.Thedemandforenergythusreflects,
directlyandindirectly,thepoliticalaspirationsofthepeople.
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The one thing that struck me was how many plants there were about.
For most people it would and still does look very bare. But where I grew
up, near the air base, there are great alkali flats. Heck, one time I hurt
my hand by just pressing it on the ground  : the very dust burned me. On
the other hand, here at the atom bomb site there was brush and cactus
flowers. I remember how the whoever was giving a talk did not interest
me much, as my mother was holding on to me to keep me from running
around. This gives you an idea how young I was, or how boring it all
was to me. Okay, so as a kid I was looking everywhere but where the
grown–ups were. So where was I looking? Truly, by this point I was
looking at my feet. This is where the one thing that sticks in my mind
to this day happened. As I looked down, there was this horny toad. It
ran over my shoe. I tried to chase it, but Mom held me back.

Many years later I was told how bad the atom bombs were, and while I
have watched many films of nuclear explosions and I know that being
blown up is a very bad thing. I was also told how they made the ground
dead forever. This is something I just can’t believe. I have been to where
an atom bomb blew up, and while the site may look rather barren, it’s
about the nicest spot in the surrounding desert.

That horned toad and those flowers tell me that the Earth recovers
from these things. Perhaps people will not persist, but the Earth will.

—Lisa Hayes



MediterraneanSeatodropforfiftyyears,soastousetheAtlanticasa
reservoirofhydraulicpower ;orforavastcircumpolarringofelectrical
transmissionlines,withbranchesdippingdowntolowerlatitudes,to
collectsunpoweratonehourbytheclockanddeliverittoanother.
Alwaysloominginthebackgroundisthespecterofconflictoverlands
mostsuitableforsuchprojects.IftheTwentiethCenturywasoneof
warsoveroil,previouscenturies,timeoutofmind,weretypifiedby
warsovercroplandsandforests.

Allofthischangedforeverin1939,whenHalbanandKowarski
measuredthemultiplicationofneutronsinuraniumoxidepowder
suspendedinheavywater.Aself–propagatingnuclearreactionimplied
thattheenergylockedupinatoms,amilliontimesgreaterthanthatin
thechemicalbondsbetweenthem,couldbereleased.Atleastone
personrecognizedthatchangeimmediately :FrédéricJoliot,headofthe
laboratory(andMarieCurie’sson–in–law),rushedacrosstowntothe
officesoftheUnionMinièreduHaut–Katanga,theworld’sleading
producerofuraniuminthosedays,tonegotiateanagreementfor
cooperationinthepeacefulusesoftheenergyliberatedinnuclear
fission.Curioustosay,boththeFrenchandBelgianGovernments
acceptedtheagreement,althoughneitherpartyhadanyformal
authoritytobindthem.Intheend,however,theachievementofthe
fissionchainreactionwouldcomemorethantwoyearslater,insecret
andonanothercontinent,whilebothcountrieswereoccupiedbya
hostilepower.

Itappearstobeextremelywastefultoconvertmassintoheatenergy
byusingthechemicalorburningprocess.Lastyearweconverted
approximately10 000milliontonnesoffossilfuelsintouselessash
andtoxicfumesinordertoproduceheatwithanintrinsicefficiency
ofonepartinathousandmillion.Thisisthemoreworryingwhen
onerealisesthatthesefossilfuelsareinmanycasesvaluableraw
materialsforthechemicalindustriesofthefuture.

Itisinterestingtonotethatprimitivemaninhisuseoffiretoheat
hiscavewasapplyingEinstein’smass–energyequivalence.Thisis
perhapsthemostoutstandingexampleofthepracticalapplicationof
aphysicalprinciplepredatingitstheoreticalexplanation.Wehave
beenapplyingtheprincipleeversincewithonlymarginal
improvementsinoverallefficiency,sincetheupperlimitofabout
1/109isinfactfundamentalforchemicalprocesses.
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ReminiscencesofanAtomicKid
ADayintheDesert

or,howIwasboredtodeathbythefirstatomicbomb

E
VERYONEhastheirthoughtsshapedbythingstheylearn.
Sometimesonemaynottrustallthatonereads,sees,orhearsfrom

others,butifyouarepresentwhenyouhearandseethings,wellthat
carriesalotofweight.

Okay,socomesthequestion,howcananyonesayanatomic
explosioncouldbeboring?

WhenIwasinhighschoolsometimeinthelate1970s,Iwentona
fairlyraretour.Thiswastothesiteofthefirstnuclearexplosion.The
firstbombwastestedinthedesertofsouthernNewMexico,onthe16th
ofJuly1945.Theplacethisfirst–everdetonationtookplacehassince
beenknownastheTrinitysite.

SinceSeptember1953theareahasbeenregularlyopenedtovisitors.
Tripstothesitearecarefulycontrolled,butstilltherehavebeenmany
visitors.Ihavemadethistriptwice.

WhileIrememberthissecondvisitprettywell,itdidnothavethe
impactofmyfirstvisit.WhileIthoughtitwasveryinterestingand
somewhatmoving,itwasstillnotsuchabigthingtome.Thiswas
becausemymemoriesofthatfirstvisitstillcarriedafargreater
impressiononmymind,suchthatitshapestothisdayhowIthink
aboutwhathappenedthere.

LetmetellyouataleofmyfirsttriptoTrinitySite.Inthelate1960s,my
familylivedatHollomanAFB.WhileIhadtwoolderbrothersandone
oldersister,forareasonIdon’tknowIwastheonlyonetogowithmy
parentsthatday.Iwouldguessmyparentsfiguredthatmysiblings
couldtakecareofthemselvesfortheday.SoIwouldbetheonlykidin
aswampofadults.

Hoursofridinginthecarwasnofunatall.Afteralongdrive
throughthedesertnorthofAlamogordo,wearrivedatwhatlookedto
measnoplaceatall.Mymemoriesofthattimearestillfair.Myone
thoughtthathasalwaysrunthroughmymindwasthatwehadtakena
longdullrideinthedeserttocomeseeapileofrockswithaplaqueon
itsside.Asthismonumentboredmeatthetime,Ispentmytime
lookingaround.



World Primary Energy Supply (201 9)
606 exajoules

equivalent to 20  700 million tonnes of coal

Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 % – 1 87  EJ / 6380 Mtce

1  tce (tonne coal equivalent) = 29·3 GJ

Coal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .27% — 1 62  EJ / 5530 Mtce

Includes l ignite, oi l shale, and peat

Fossil Gas. . . . . . . . . . . . . . . . . . . . . . .23% — 1 41   EJ / 481 0 Mtce

Total Fossils  : 81 % — 490  EJ / 1 6  700 Mtce

Other. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2% — 70  EJ / 2390 Mtce

Includes biofuels, waste, and non–hydro renewables

Fission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5% — 30  EJ / 1 020 Mtce

Hydroelectricity. . . . . . . . . 2·5% — 1 5  EJ / 51 2 Mtce
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FuelfortheFuture —andthensome!

WhenExperimentalBreederReactorNumberOnegeneratedelectricity
inDecemberof1951,itprovedtwothings.Thefirstwasthattheenergy
ofthecontrolledfissionchainreactioncouldbeusefullytransformed.
Thishadnotreallybeenindoubt,butithadnotbeendemonstratedup
tothattime,becausepreviousreactorshadoperatedatatemperature
toolowforproducingsteam —sinceNewcomen’s“EngineforRaising
WaterbyMeansofFire”circa1700,theacceptedmodeofobtaining
mechanicalworkfromheat.Thesecondrequiressomeexplanation.

AsitcomesfromtheEarth,theelementuranium,atomicnumber92,
consistsalmostentirelyofatypeofatomhaving146neutronsinits
nucleus,andknownforthatreasonas“uranium–238”(238Uforshort).
Fissioncannotpropagateintheseatoms,becausethelikelihoodthat
onewillbreakupwhenitencountersafreeneutronistoosmall.Most
often,theneutronsimplycaromsoff.Oneatominevery140is
uranium–235(with143neutrons),andthisimpurityistheonly
substancefoundinnaturethatcansustainafissionchainreaction.
Uranium,althoughmoreplentifulinthecrustoftheEarththansilver,
iscertainlyneithercommonnorcheap,andtheone–hundred–fortieth
partofitsomuchtheless,evenbeforeweconsiderthedifficultyof
separatingthetwotypesofatoms.

Becausetheaffinityof235Uforslowneutronsgreatlyexceedsthatof
238U,byskillfulengineering,achainreactioncanbesupportedin
naturaluranium.Someoftheneutronsreleasedinfissionarethen
absorbedin238U,andgiverisetoanewelement,plutonium,atomic
number94.Thissubstanceinturncansustainachainreaction,andthe
generaleffectistoextendthelifeofthefuelcharge,by
counterbalancingthedepletionof235Uandthebuild–upofneutron–
absorbingfissionproducts.Intheend,atrifleover1%oftheuranium
canbe“burnedup”.Asthefissioningofonegramofheavyatomsyields
upapproximatelyonemegawatt–dayofheat,eachkilogramof
uraniumcannowdotheworkofaboutthirtytonnesofgoodcoal.

TheInternationalSystemofunitsofmeasurementemploysprefixesto
representmultiplicationbypowersoften.Whenreadingthegraphs
andtablesinthispublication,itisimportanttoknow :
kilo–k–103(1000)
mega–M–106

giga–G–109

tera–T–1012

peta–P–1015

exa–E–1018

Thejouleistheunitofenergy,andthewattofpower :1 W=1 J/s
Electricityismeteredbythekilowatt–hourof3·6 MJ(1 GJ=278 kWh)
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Breederreactorplants,ontheotherhand,mightbestbelocatedin
remoteareasalreadyservedbytransmissionlines.Theobjectiveisto
createfuel–cyclecenterswhereoreconcentratesandspentfuelcome
in,andfreshCANDUfuelgoesout.Allthemostsensitivematerialsand
operationsinthenuclearfuelcyclearethusbehindonefence,where
theycanbesafeguardedandauditedmosteconomically.Thiscontrasts
withthecurrentsituation,whereenricheduraniumhexafluorideis
routinelytruckedfromNewMexicototheCarolinas.

IthasbeenestimatedthattheHanfordsiteineasternWashington
State,ontheBonnevillePowerAuthorityhydroelectricsystem,could
accommodatethirtytofortygigawattsofnucleargeneration.Thisin
turnwouldsupport60—120 GWofplantsspreadacrosstheMountain
WestandPacificCoast.Oneortworail–carloadsofspentfuelwould
arriveinatypicalday,andtheheavily–shieldedtransportflaskswould
besentbackwiththefreshfuelinthem.TheUSAwouldrequirefifteen
totwentysuchsites.

LetSanityPrevail

“Climatecrisis”istheleadingpolitical,social,andevenartisticthemeof
ourday.Oneveryhand,wemeetwithcallsforrapidandradicalaction.
Andyet,bringinginaidthestrongestforceknowntophysicsismet
withcautionatbest.Manyoftheloudestvoicesseemtoinsistthatthe
mosturgentandvitalofneedsbemetonlywithineffectivemeasures.

Threehundredfiftyyearssincetheglobaltransitionfromrenewable
energytofossilfuelsbegan,mostofthereasonsthatdroveitarestill
valid,ifnotstrongerthanever.Alreadyby1971,whenmeteorologists
werejustbeginningtofindwaysofstudyingtheglobalclimate,the
fourth(andsofarlast)UnitedNationsConferenceonthePeacefulUses
ofAtomicEnergywasheldatGeneva.Atthis“Atomsfor
Development”conference,thebenefitsofafurtherglobaltransition,
onwardfromfossiltofissionenergy,wereclearlytobeseen —andso
wasanindustrialandeconomicpathforthattransition.

Ifwelosetheattitudethatnuclearenergyisamorallysuspectlast
resort,requiringexceptionaljustificationeventobeconsidered,we
mayfindawayforwardfortheworld.

Ifnuclearenergyisnotgoingtofillthegap,whatcan?The
immediateanswerappearstobe―nothing.

—24—
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Fertile Nucleus... . . . . . . . . . . starting point
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World Sources of Electric Power (201 9)
26  936 terawatt–hours = 97·0  EJ

Oil.................................2·8% – 750  TWh

Solid Fossils................ 37% — 9890  TWh

Coal, l ignite, oi l shale, and peat

Fossil Gas.................... 24% — 6360  TWh

Total Fossils  : 63% — 1 7  000  TWh

Other............................1 1 % — 291 0  TWh

Biofuels, waste, and non–hydro renewables

Fission..........................1 0% — 2800  TWh

Hydroelectricity........ 1 6% — 4230  TWh



WhatEBR–Ishowedisthat,inapower–generatingreactorfueled
partlywithseparated235Uandworkedbyfastneutrons,theneutron
balancecanbeadjustedsothat238Uistransformedintoplutonium
fasterthanthe235Uisconsumed.Afewyearslater,EBR–Iachievedthe
sameresultusingplutoniumfuel.Withthis“fuelbreeding”,theloop
wasclosed :alltheenergyboundupinuranium,andnotmerelythe
moreaccessiblepartin235U,couldbeappliedtohumanneeds.

Whatdoesclosingthenuclearfuelcyclemean?First,itmultipliesthe
energyobtainablefromuraniumores.Itisgenerallyagreedthatfiveto
tenmilliontonnesoftheelementcanbemined,andwhilethree
hundredthousandmillionequivalenttonnesofcoalmaysound
colossal,itisnotevenahundredtimestheconsumptionof1955.Inthat
case,fissioncouldmakeamodestcontributiontoworldenergyneeds
forafewgenerations,butnomore.Ahundredtimesthat,however,is
morethanallthefossilfuelswecaneverexpecttodigout.
Furthermore,thorium,atomicnumber90,canbeputtowork.This
elementismorecommoninthecrustoftheEarththanuranium,and
occurstogetherwiththeindustrially–importantrare–earthmetals.
Whenusedinplaceof238U,itformsuranium–233,whichbehavesvery
muchlike235U,avoidingthelossofneutronstoproducingunwanted
trans–plutoniumelements.

Thisbyitselfwouldsecuretheglobalenergysupplyforthe
foreseeablefuture.Butthesecondgreatconsequenceofincreasingbya
hundredfoldtheenergyobtainablefromamassoffuelistoincreasethe
pricethatcanbepaidforthatfuel.Tracesofuraniumandthoriumare
ubiquitousonEarth,inmineralsfromgranitetocoal —estimatesare
thatthenuclearfuelthatcouldbescavengedfromashheapsatcoal–
firedpowerstationswouldyieldupmoreenergythanburningthecoal
did.Andatabouttentimesthecurrentpriceofmineduranium,it
shouldbepossibletoextracturaniumfromtheoceans,areservoirof
somethinglike4000milliontonnes,constantlyrefilledbyerosionfrom
theland.Wedarecallthis,byanyterrestrialstandard,aninexhaustible
resource.

Itisunfortunatelytruethatthosewhohavearesponsibilityfor
guaranteeingfuturepowersuppliesstartoffwithabuilt–in
disadvantage,becauseatalltimestheymustsubmittheirstatements
tothetestsoftruth,andofwhatconstitutesresponsiblebehaviour.
Thisisclearlynottrueofmuchofthenuclearopposition.

—7—

Details,butnoDevils

Wehavenotconsideredimportinguranium,whichistoday
considerablycheaperthanoil(perunitofheatingvalue,asusedin
converterreactors).Anyseriousglobalmovementawayfromfossil
fuelsislikelytoinitiateascrambleforthevitalelement,andsendthe
pricesoaring.Abetterrouteforwealthyfuel–importingcountries
mightbetofinancethebuildingofconverter–reactorpower–plantsin
countries,suchasAustraliaandCanada,whichhaveverylarge
reservesofuraniumoreinproportiontotheirpopulations(andsowill
notneedbreedersinthenearfuture),onconditionofreceivingthe
spentfuel.CANDUusingnaturaluraniumproducesover600 kgPuper
GW–year,andthedischargeduraniumstillcontainsasimilar
proportionof235Utotheenrichmenttailswhichweassumedwouldbe
worthreworking.

Wherearewetoputallthesepowerplants,evenifwecanbuildand
fuelthem?Anuclearstationdisturbsitssurroundingslessthanalmost
anyotherindustrialfacility.Thereisnosmokeorfume,noconstant
rumbleofcoaltrains.ThesafetyrecordofCANDU,inparticular,fully
justifieslocatingitintheenvironsofeventhelargestcities.The
Pickeringaccidentof1983showedvividlythat,eveninanextreme
scenario,thereisnorealisticchanceofconsequencesbeyondtheplant
boundaryfence.

Sitingneartheloadcentershastwogreatadvantages.First,it
minimizestheacrimonyoverlong–distancetransmissionlines.Second,
itallowsrunninghot–waterpipelinestotheheavilybuilt–upareas.Not
onlywinterheat,butalsosummercooling(thenecessary“absorption”
chillersareinwideuseontheManhattansteamsystem),canthusbe
providedusingwhatwouldotherwisebewasteenergy.Low–grade
heatalsofindswideuseinindustry.Thisisconservationatitsbest.

Solarenergyiswidelyacclaimedastheidealenergyoption.Sunshine
isdelivereddirectlytowhereyoulive,anditisfree.Thesewordsare
oftenheard,buttheyareonlypartlyvalid.

Weareconcernedthatthispublicconceptionofsolarenergyand
realityarenotthesame.Afterseeingtheamazingsolarmachinesof
PifreandMouchot,aFrenchgovernmentstudyconcludedthatsolar
was(1)undependableand(2)expensive.Solarenergyisstill
undependableandexpensive.Ericsson,theAmericaninventorofthe
ironcladbattleship,aftermanyyearsofbuildingandtestinghissolar
machines,sadlyconcludedthatsolarwasuneconomic.Sodid
Bessemer.
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Oil Products............... 40% – 1 69  EJ

Solid Fossils................ 9·5% — 40  EJ

Includes coke, patent fuels, coal gas and liquids

Fossil Gas.................... 1 6% — 69  EJ

Includes gas–to–liquids

Biofuels and Waste... 1 0% — 43  EJ

Total Combustibles  : 77% — 321   EJ

Electricity + Other.....23% — 97  EJ

Includes district and solar heat

World Final Energy Consumption (201 9)
41 8 exajoules

Loss in conversion   : 1 88 EJ
or 31 % of primary energy



EnergyConservationisnotamoralvirtue

Thereisawidespreadbelief,expressedintheslogan“NegawattsNot
Megawatts”,thatrealneedsforenergyareconsiderablylessthan
presentconsumption,whicharisesfromwastefuleconomicsystems.
Grantedthat,inthewealthiercountries,demandcouldbereducedbya
changeoflivinghabits,suchchangesarenotnecessarilyquickoreasy.
Peoplewillnotgiveuptheircarsuntiltheycandotheirdailyerrands
someotherway,andcitiesarenotrebuiltovernight.Moreover,itis
hardlyobviousthatusessuchasmaintainingacomfortable
temperatureinone’sdwellingyear–roundarereallyaswastefulas
somewouldmakeout.

Howevermanypeopletheremaybewhousetoomuchenergy,itis
nothardtoseethattherearefarmorewhousetoolittle.Anyonewho
routinelydoesagriculturalstooplabor,orwashesclothesbyhand,or
carrieswaterinbucketsfromastreamorawell,islikelyamongthem.
JusttoequalizeworldenergyconsumptionattheaveragefortheOECD
(GeographicalNote,page15),meaningextremeausterityincountries
suchastheUSA,withalltheconsequentpracticalandpolitical
difficulties,wouldstillrequiredoublingtheoverallsupply.

Solongasanevilseemsnecessary,itwillnotlackdefenders.Take
awaythatnecessity,andsupportevaporates.So,oncesteamprovided
analternativetomuscleforconvertingstoredchemicalenergyinto
mechanicalwork,aroadopenedtoabolishingslaveryandserfdom.
Likewise,inapoorsociety,mostpeoplewillbepoornomatterwhat,
anditmayseemasmallhardshipthattheyshouldbepooreryetsothat
averyfewcanbewealthy.Butinawealthysociety,povertybecomes

Breederreactorsoffertheonlymeans,withinreasonableextensions
ofcurrentlydemonstratedtechnologies,forthegenerationof
virtuallyunlimitedenergywithintheprobableresourcebase.

Inaworldthatisexpectedtorequire35 TWbytheyear2030,this
factassumesparticularsignificance.Unfortunately,the‘toggle
switch’syndromehasledtothebeliefinsomecirclesthatnuclear
caneffectivelybe‘turnedoff’atabouttheturnofthecentury,and
theinoffensiverenewablesourcesofenergy‘turnedon’.Inthis
manner,uraniumwouldessentiallyhavebeenutilizedasmerely
anotherdepletableresource,inarelativelyshortspaceoftime.Ido
notwishtodepictahorrorscenario,butunfortunatelythis
misguidedpreceptissharedbymany.Theavoidanceofsucha
scenarioisataskweallshareasaresponsibilitytosociety.
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S–PRISMshouldbeabletokeep1·5—2 GWofCANDUreactors
(operatingatthesameloadfactor)fueled,whenuraniumand
plutoniumarerecycled.Withhelpfromthorium,that“supportratio”
becomes2·5—3.

Whenwerecallthatnoneofthisishappeningovernight,thepicture
beginstoclear.Buildbreedersasrapidlyastheplutoniumsupplywill
allow,andconverterstwoorthreetimesasquicklyasthat,andwewill
neverrunshortoffuel.AplantforprocessingtheLWRfuelover20
yearswillproduce40 tofplutoniumeachyear.Inthefirstyear,then,we
build11 GWofbreeders,and28 GWofconverters.The7600 tof
1%–enrichedfuel,fromreprocessingandtheupgradingofdepleted
uranium,wouldgenerate125GW–years,sothebulkofitisputbyfor
lateruse.Thatfirstyear,thebreedersproducetwotonnesofplutonium,
andtheconvertersten,sothesecondyear,14·5 GWofbreedersand36
GWofconverterscanbestartedup.Morerealistically,theconverters
wouldbeusedforload–following,sothenumberofunitsandrated
outputwouldbegreaterforthesameoverallfuelconsumption.

Astheinstalledbaseofconvertersgrows,theyneedmorefuelevery
year,untiltheystarttoconsumetheplutoniumfromthebreeders.Then
theinstallationofbothtypesslows,keepingeverythinginbalance.At
theendof20years,whenallthealready–mineduraniumhasbeen
processed,thereareabout700 GWofbreedersand1800 GWof
convertersinthesystem,andenoughsurplusplutoniumtocontinue
addingabout25 GWoftotalcapacityeachyear.Althoughitnecessarily
representsaverysimplified“toy”system,theresultofthisanalysis
certainlysuggeststhatthethingcanbedone.Wehaveafuture.

Nuclearfuelhasoneadvantagethatisimmediatelyapparentand
whichmayhavefar–reachingimpact.Fromaweightstandpointitis
themostportableofenergysources.Hydraulicsourcesare
absolutelyfixedgeographically.Astocoal,oilandgas,thereare
economiclimitstothedistancesoverwhichtheseconventionalfuels
maybetransported.Withnuclearfuels,however,tremendous
quantitiesofenergyarecontainedinexceedinglysmallvolumes
whichcaneasilybemoved.Thus,ultimately,theimmobilityof
hydraulicresoucesandthetransportproblemspresentedby
conventionalfuelsshouldnolongerbelimitingfactorsinenergy
supply.Moreover,theeaseofmovementofnuclearfuelscould
largelycompensateforthedifferencesintheavailabilityof
conventionalenergyresourcesamongnations.
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World........................... 79·1   GJ per human, of which, 3260  kWh electricity

7666 mil l ion humans, 606  EJ , 25   000  TWh

OECD........................... 1 66 GJ / 7770 kWh (2·1 × / 2·4× world average)

1 357 M, 225  EJ , 1 0  500 TWh (1 8 / 37 / 42% of world)

European Union........ 1 28 GJ / 5900 kWh (1 ·6× / 1 ·8× world average)

51 5  M, 65·8  EJ , 3050  TWh (6·7 / 1 1 / 1 2% of world)

USA...............................282 GJ / 1 2  700  kWh (3·6× / 3·9× world average)

329 M, 93  EJ , 4200 TWh (4·3 / 1 5 / 1 7% of world)

PR China..................... 1 02 GJ / 51 00  kWh (1 ·3× / 1 ·6× world average)

1 398 M, 1 42 EJ , 7200  TWh (1 8 / 23 / 27% of world)

India............................. 28·7  GJ / 988  kWh (0·36× / 0·30× world average)

1 366 M, 39  EJ , 1 350  TWh (1 8 / 6·5 / 5·4% of world)

Energy, Electricity, and Population (201 9)
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OECD except USA..... 22% of world energy (1 32  EJ )

1 3% of world population (1 029 mil l ions)

USA...............................1 5% of world energy (93  EJ )

4·3% of world population (329 mil l ions)

PR China..................... 23% of world energy (1 42 EJ)

1 8% of world population (1 398 mil l ions)

India............................. 6·5% of world energy (39  EJ )

1 8% of world population (1 366 mil l ions)

Everyone Else.............33% of world energy (201   EJ )

46% of world population (3545 mil l ions)

World Energy Distribution (201 9)
Overall   : 606 EJ, 7666 million humans

79·1 gigajoules per human



difficulttodefend.Andawealthysocietymustbeahigh–energy
society,becauseenergyreplacesormakesupforthingsthatare
actuallyscarce.

Energyistheuniversalsubstitute,forlandandrawmaterialsaswell
aslabor.Withenoughofit,waterforcitiescanbetakenfromtheseas,
leavingnaturalsourcesoffreshwaterforagriculture —ornature.
Valuablemineralscanbewonfromcomplexmixturessuchasgarbage
orcoalash,ratherthanrichores,whichhavealreadybecomescarce.
(Genetically–engineeredvegetationmayhelptomeettheseneedswith
solarenergy.)Foodcanbeproducedbyintensiveagricultureoreven
hydroponics,releasingmarginalorremotelandsfromcultivation,to
serveasreservoirsofbiodiversity.

ForecastersattheInternationalEnergyAgency,itistrue,have
indicatedacollapseindemandforfossilfuelsby2035,andagradualfall
ofoverallenergydemandby2050.Theyjustifythelatteronthebasisof
aglobaltransitiontopost–industrialeconomics.Sincethis“transition”,
inthewealthiercountries,hasnotmeantanyslackeninginthe
consumptionoftheproductsofindustry,butonlyasubstitutionof
importsfordomesticproducts,wewonderhowthisismeanttowork.
EvenanenthusiasticL–5ermustconsideritastretch.Ifanything,it
appearsthatevenafutureinwhichthepooraretoremainpoor(which
isnotmuchofafutureafterall)willrequiremoreenergy.

EnergyDemocracy—orEnergyFeudalism?

Theverysamepeople(inmanycases)whopublishedtomesand
pamphletsinthe1970s,provingfromthermodynamicsthatelectricity
wasanincorrectformofenergy ;gavespeecheswarningthat
projectionsofincreasedelectricitydemandweremerelyexcusesto
buildmorenuclearpowerplants ;andpubliclydismissedconcernsover
climateeffectsoffossil–fuelemissionsasaredherring ;arenowurging
theimmediateelectrificationofallenergyuseinthenameof

Anacceptablenuclearenergyfuturemustaboveallbeonethat
recognizesandhelpsfulfiltheaspirationsofthevastmajorityof
mankindforlivesthatarenotpoor,nasty,brutish,andshort.

Sofarinhumanhistory,thishasmeantthereplacementofhuman
andanimallaborbymechanicalenergy.Theburdenofproofthatthe
presentlydisadvantagedpopulationsshouldbepersuadedto
renouncetheenergy–intensivepaththathasbeensuccessfulforus
restsheavyontheshouldersofthosewhoproposetothus
experimentwithotherpeople’slives.
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FiftythousandtonnesofdischargedCANDUfuelshouldcontain
about180 tofplutonium,andthisgivesahintwhereweshouldlook.
TheUSApossesses,astheresidueofover60yearsofnuclearpower,
about80 000 tofspentLWRfuel,ofwhichabout95%isunused
uranium,4%fissionproductwastes,and1%plutonium.Theuranium,
averagingabout1%235U,willproduceaboutanother450 tPuwhenused
inCANDU,alongwithafurther1250gigawatt–yearsofelectricity.
Thereisalsosomethinglike750 000 tof“depleted”uranium,containing
perhaps0·25%235Uonaverage,whichcouldbereworkedtogiveabout
asmuch1%–enricheduraniumasthespentfuel.Variousstocksof
separatedplutonium,includingsurplusweaponsplutonium,have
becomepoliticalfootballs,andinsomecaseshavebeensubjectedtoill–
conceivedattemptsatdisposal.

Inextremelyroughfigures,then,wehavetwoyearsoftotalelectrical
supplyfromuraniumalreadyminedandtobemined,andattheendof
that,1900tonnesofplutonium.TheGeneralElectric“SuperPRISM”
fast–neutronreactordesign(basedonthesuccessfulEBR–II)requires
3·6 tPuforeachgigawattofelectricalcapacity,soinitialfuelcharges
foralittlemorethan500 GWofthesebreederscouldbefurnished,
whichisjustenoughtoprovideforexistingelectricalneeds.Oneof
thesereactorsproducesanannualplutoniumsurplusofabout5%ofits
coreloading,so(thephenomenonofcompoundinterestapplieshere)
theinstalledpowercouldbequadrupledinaboutthirtyyears.Thisis
notquitesatisfactory,butgivesussomehope.

Fuelcyclestudiesindicatethatfast–neutron“breeder”andslow–
neutron“converter”reactorscanworktogetherinsynergism.Rather
thanattemptatediousandconfusingexplanationinwords,thishas
beengivenintheformofadiagram.(Seecenterfold.)Theimportant
thingisthateachgigawattofinstalledcapacityofreactorslikethe

Itwouldbecontrarytoallofmankind’sexperience,throughoutthe
courseofhistory,iftheutilizationofthetremendouspotentialof
nuclearenergy,despiteallinitialdifficulties,didnotreachsucha
degreeofdevelopmentastoovertakeotherknownformsofpower.
Thispossibilityliesinitshighconcentration,whichdistinguishes
nuclearenergyfromotherpresentunusualtypesofpower,thelatter
havinglowconcentrationandspreadingovertremendousareasor
amountsofmass,sothattheirusewillalwaysrequirevoluminous
equipment.Theproblemsofutilizingnuclearpower,onthecontrary,
areproblemsofhigh–qualityequipment.
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“decarbonization”. As most electricity today is generated by burning
fossil fuels, the link is not quite obvious. The rationale seems to be that
electricity can be produced by wind turbines and photovoltaic cells.

That a thing can be done does not establish that doing it is
worthwhile. The use of much simpler solar collectors, requiring no
exotic materials, to supply heat, which is much easier to store than
electricity, seems to be ignored because it is not fashionable. The arcane
elegance of photovoltaics has a tendency to capture the mind. Further,
there seems to be a fascination among homeowners with “beating the
system” by selling power to the grid. The question of who pays is
somehow never asked, but the answer seems to be, neighbors who lack
the real estate or capital to install a PV system.

Meanwhile in Germany, which has pursued the wind–and–sun path
for more than twenty years, to great fanfare and at enormous expense,
the lignite pits daily grow, devouring villages, ancient forests, and even
wind–power installations. German emissions, per head of population
or Euro of economic output, are twice those of France. And the
combination of high power prices and insecure supply is driving away
industries. None of this gives any color of plausibility to pursuing such
policies in other countries.

The trump card of the advocates of wind and solar is what they
conceive to be the self–evident and unassailable moral superiority of
“distributed energy”. Their ideal is that every household should be
responsible for its own energy consumption  : this they term energy
democracy. Central–station power supply, they say, grows out of and
reinforces a tyrannical, top–down model of society.

This falls to the ground for two reasons. The first is that much energy
use, from manufacturing to street lighting, is not directly connected
with any household, but must be provided for somehow. Even if that
were not true, however, in their “democratic” energy system, how much
energy a household can use depends on how much land and capital that

Abundant energy drives economic development, which can raise a
country’s standard of living and ultimately improve the prospects for
peace in a region. This essential truth fuels a global escalation in
energy demand that defies even highly optimistic energy–
conservation projections. The world is only at the dawn of a global
equalization of wealth, underlined by the fact that eighty per cent of
the global population lives in developing countries, and one third
currently lacks access to electricity.
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that about half again this amount of plant would be needed. Projections
from usually–responsible sources are that electrifying transportation
and space heating, the two largest categories of energy end–use
primarily served by fuel, will double or triple the total annual power
consumption. To produce about 12  500  TWh a year, equivalent to a
continuous load of about 1450 GW, would require about 2200 GW of
power plants. This is on the scale ofnuclear–industry projections of the
present day from the late 1960s and early ’70s, but they expected to
have fifty years to get there.

Certainly, to build as much nuclear power, every year for 20 or 25
years, as the total current installation seems daunting. But what of the
alternatives? It is often said that wind and solar are quicker to install
than nuclear, but that is difficult to substantiate. Nuclear construction,
although involving some very large steel erections and concrete pours,
requires much less in total per installed kilowatt than wind and solar,
and is a largely conventional engineering job, with workmen and
equipment concentrated in a few spots where they can work efficiently,
rather than scattered across the countryside.

In the years 1977 to 1990, inclusive, France started up 52 nuclear
generating units with a total rating of 56·8 GW, eight of them
(7600 MW) in 1981 alone. In Canada, the four 550 MW units ofPickering
A station started up between April 1971 and May 1973, and ten units
(aggregate 7050 MW) came on the line between September 1982 and
March 1987. This record of achievement gives us some hope that
industry is equal to the challenge.

Furthermore, a kilowatt of nuclear generating capacity will typically
generate three to five times as many kilowatt–hours in the course of a
year as a “nameplate” kilowatt of these other sources, and will probably
last forty to sixty years, as against twelve to twenty. It appears that a
given rate of nuclear capacity addition is equivalent to at least six, and
perhaps as much as twenty–five times the rate of renewables
installation.

What of the fuel supply? Uranium has been mined in the United
States for well over a hundred years, but production today is very small,
and industry does not count on recovering more than about 50  000
tonnes from known deposits. Used in efficient and easily–built CANDU
reactors, this would give about 290 gigawatt–years of electricity, or
about three months’ consumption at the rate we estimated for a level of
electrification consistent with “net zero” pledges. Certainly there is no
future in that! But we anticipated such a result.
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householdhas —howmuchwealth.Sincetheuseofenergyitself
produceswealth,evensmalldisparitieswilltendtogrow.Andwealth
distributionintheworldtodayisalreadyimmenselyunequal.

Infact,thewholehistoryofcentral–stationpowernegativesthe
claimsmadeagainstit.Centralstationswerefirstbuiltmostlyto
providemotivepowertoindustry :agreatsavings,inmachineryand
fuel,couldbemadebyservinganumberoffactoriesfromone
powerhouse,comparedtotheolddistributed–powerplanofasteam
engineforeachfactory.Withamodestadditionalinvestment,supplies
wereextendedtobusinessofficesinthearea,andevenpayingseveral
timeswhatthefactoriespaidperkilowatt–hour,theenergyefficiency
oftheincandescentlampascomparedtogaslight,andthesuperior
qualityofitslight,madeitagoodbargain.Withinafewyears,supplies
wereextendedtothehomesofthewealthy —andnotlongafter,the
not–so–wealthy,becauseitwaseasiertoservethemthannot.With
everynewsubscriber,pricesfell.

Thepowercompaniesbuiltstreetcarlines,providingeverybodywith
speedytransportation ;andtosellstreetcarfaresonweekendsand
holidays,whenpowerdemandwasslack,theyboughtparcelsoflandat
theendsofthelines,andbuiltamusementparks.Thephysicianwho
developedtheelectricincubatorforprematurebabiesfoundthathe
couldnotgethospitalstoadopttheidea,sohesetupawardasan
attractionatthegreatestofthese“electricparks”,ConeyIsland,New
York,andsavedmanythousandsoflives.

Centralstations,andtheassociateddistributioninfrastructure,are
oftenownedbycooperativesofusers,orbymunicipalities,orregional
ornationalgovernments.Thenatureoftheirbusinessbringseven
investor–ownedpowercompaniesundertheinfluenceofdemocratic
institutions.Theyarecommonlyrequired,notonlytoprovideuniversal
service,takingontheless–profitablesmallcustomerinordertogetthe
largeone,buteventosupplypoorhouseholdsatconcessionrates,and

Ifwecontinuewiththepresentcripplingofnuclearpowerwewillbe
drivenveryquicklyintothedomainoflow–gradefossilfuels.

Ithink,noneofushasreallyfullyunderstoodwhatitwillmeanfor
wholeregionstobedestroyedormoved.Wehavehadalittletasteof
itatJülichwhereartificialmountainsarebeingbuiltbyoverburdens.
Thelargestpitintheworldisbeingcreatedforthesakeofproducing
lignite—browncoal.Whatisatstakethereisatotaloflessthanone
terawatt–yearover20years.Andthatisn’tverymuch.
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makeeasytermsforthedistressed.Whereeveryhouseholdsuppliesits
ownenergy,suchprovisionsarenoteasytomake.Isaworldinwhich
youhavetocultivatethegoodwillofthemajorlocallandowner,in
ordertoreceiveessentialservices,ademocraticone?

AWayForward

Ifsolarenthusiasmdoesmoretoexacerbateinequalitythantosolve
energysupplyproblems,thatdoesnotprovethatnuclearenthusiasm
candobetter.Havingaskedthequestionfortheworldasawhole,we
willtrytoansweritfortheUnitedStatesofAmerica,whichisoneof
thelargestusersofenergy,overallandonapopulationbasis.IftheUSA
cannotbenuclearized,itstandstoreasonthattheworldcannot.

Itmustbeemphasizedthatwhatfollowsisentirelyspeculative.
BetweenobstructionistattitudesattheFederallevel,theslothofthe
NuclearRegulatoryCommission,Statemeasuresfromnuclearpower
banstorenewablesmandates,andthereluctanceofutilitiestomake
eventhemostdesperately–neededinvestments,technicalfeasibility
scarcelyhasachancetoenterthepicture.Intheend,wecanonlytryto
answerthequestion,“ifsanityprevails —whatthen?”

Asoflate2023,theUSAhas93operatingcivilnuclearpowerreactors
withanaggregatecapacityof95 835megawatts,rangingfrombrand
new(Vogtle3)to54yearsold(NineMilePoint1andGinna),andrated
from560 MW(PrairieIsland1and2)to1500(GrandGulf),allofthe
inefficient“lightwater”type.In2022,nucleargeneratorssupplieda
totalof772terawatt–hours,18·2%ofoverallUSelectricity.

Ifgrid–scalepowerstoragewerereadilyavailable(evenifitwerenot
alsoverycheap,asrenewablespromotersusuallyassume),the
impressiveannualloadfactorof93·1%couldpresumablybe
maintained,andthewholeelectricalloadservedby520 GWofnuclear
plants.Intherealworld,systemloadvariesthroughthecourseofaday,
fromdaytodaywithintheweek,andwiththeturningoftheyear,so

Renewablesrepresentafascinatingandtantalisingaspectofthe
energyscene.Theyhaveconsiderablepotential ― justapartofthe
sunlightfallingontheUK,oroftheheatlockedinbasementrocks
lessthan10 kmbelowthesurfaceoftheground,couldmeetallour
nationalpowerrequirements.Theproblemisthatthisenergyis
eitherspreadoutverythinlyorishardtogetatorboth.Wehaveto
bepracticalaboutthis,temptingthoughitalwaysistobestarry–
eyedaboutsuchmatters.Forusthecentralquestionhastobe,“at
whatcostcanthisenergybeproducedinausefulform?”
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Geographical Note
OECD, repeatedly referred to in these pages, is the “Organization for
Economic Cooperation and Development”. It supports an
International Energy Agency (IEA) and a Nuclear Energy Agency
(NEA), to be distinguished from each other and from the International
Atomic Energy Agency (IAEA), an organ of the United Nations.

OECD comprises Australia, Austria, Belgium, Canada, Chile,
Colombia, Costa Rica (since 2021), the Czech Republic, Denmark,
Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland,
Israel, Italy, Japan, Korea (Republic), Latvia, Lithuania, Luxembourg,
Mexico, the Netherlands, New Zealand, Norway, Poland, Portugal,
Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey, the UK, and
the USA. This includes all members of the European Union except
Bulgaria, Croatia, Cyprus, Malta, and Romania.
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Safeguarded Regenerative Nuclear Fuel Cycle
A.... . . . .Neutron–efficient slow–neutron converter reactor (dual fuel operation)

B.... . . . .H igh–gain fast–neutron breeder reactor

C.... . . . Converter fuel fabrication

D.... . . . Converter fuel reprocessing

E.... . . . . Breeder fuel fabrication

F.... . . . . Breeder fuel reprocessing

G.... . . . Waste disposal

1 ... . . . . . Uranium from stockpi le (past nuclear activities)

2... . . . . . Thorium from stockpi le (rare earth mining)

3... . . . . . Mixed uranium and plutonium recovered from discharged fuel

4... . . . . . Uranium–233

5.... . . . . Converter U–Pu fuel , 1 5   g total fissi le per kg, burnup 1 8 MWd/kg

6.... . . . . Converter Th fuel , discharged at 35 MWd/kg, 1 5   g 233U per kg

7.... . . . . Breeder driver fuel , 80/20 U–Pu, discharged at roughly 1 50 MWd/kg

8.... . . . . Breeder blanket fuel , U only, discharged at 1 5—30  g Pu per kg

9.... . . . . Fission product wastes for disposal

The rationale for this cycle lies in balancing the number of fissile
atoms produced per fissile atom consumed (conversion ratio, CR) and
the number of fissions per initial fissile atom (FIFA) in the fuel.
Characteristic of the converter (A) is CR  <   1 and FIFA of about 2  ; of the
breeder (B), CR  >   1 and FIFA  <   1 . Efficient use of fuel requires both.

Note  : “burn–up” of nuclear fuels is here given in megawatt–days of
heat (86·4 GJ) per kilogram of initial heavy elements (sum of Th, U,
and Pu). 1  MWd/kg approximates to 0·1% of heavy atoms fissioned.


