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Basics Basics RadioactivityRadioactivity

spontaneous transformation of unstable cores spontaneous transformation of unstable cores 
with emission of energy with emission of energy 
–– Nuclear fission Nuclear fission 
–– Emission of nucleons and heavy particlesEmission of nucleons and heavy particles
–– Emission of ionizing radiationEmission of ionizing radiation

αα--radiationradiation
–– Helium cores (for U approx. 4.5 Helium cores (for U approx. 4.5 MeVMeV), strongly absorbed ), strongly absorbed 

small range (in air <5 cm, in material <0.1 mm)small range (in air <5 cm, in material <0.1 mm)
ββ--radiationradiation

–– ~ electrons, middle range (depending upon energy in air cm ~ electrons, middle range (depending upon energy in air cm 
to m, in material <1 cm) to m, in material <1 cm) 

γγ--radiationradiation
–– HighHigh--energy electromagnetic radiation, higher range (in air energy electromagnetic radiation, higher range (in air 

several meters, in material <10 cm) several meters, in material <10 cm) 

Basics Basics RadioactivityRadioactivity

units units 
–– Activity [Becquerel]: 1 Activity [Becquerel]: 1 BqBq = 1 disintegration/s = 2.7 x 10= 1 disintegration/s = 2.7 x 10--1111 CiCi, 1 Curie , 1 Curie 

= 3.7 x 10= 3.7 x 101010 disintegration/sdisintegration/s
–– halfhalf--life Tlife T1/21/2: : 

Time, in which half of the cores of a radionuclide disintegratesTime, in which half of the cores of a radionuclide disintegrates
ActivityActivity decreasedecrease withwith increasingincreasing halfhalf--lifelife

–– Absorbed (energy) dose Absorbed (energy) dose DD [Gray]: 1 [Gray]: 1 GyGy = 1 J/kg = 100 = 1 J/kg = 100 radrad
Ratio of the absorbed energy to the absorbing mass,Ratio of the absorbed energy to the absorbing mass,

1 J in 1 kg water: 1 J in 1 kg water: ΔΔT = 0.26 T = 0.26 mKmK
1 1 GyGy in the human body causes: Damage bone marrow, gastrointestinal in the human body causes: Damage bone marrow, gastrointestinal 
system, neuromuscular system, sicknesssystem, neuromuscular system, sickness

–– Absorbed dose rate: Absorbed dose rate: Gy/sGy/s = W/kg= W/kg
~ exposition dose rate~ exposition dose rate

–– Equivalent dose Equivalent dose HH [[SievertSievert]: 1 ]: 1 SvSv = 100 = 100 remrem (X(X--ray equivalent)ray equivalent)
biologically effective absorbed dose, factors considering type obiologically effective absorbed dose, factors considering type of the f the 
radiation and irradiated organ (effective dose)radiation and irradiated organ (effective dose)

2 2 GyGy absorbed Xabsorbed X--ray dose on skin = effective dose 0.02 ray dose on skin = effective dose 0.02 SvSv
2 2 GyGy absorbed alpha dose on lung = effective dose 4.82 absorbed alpha dose on lung = effective dose 4.82 SvSv
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Basics Basics RadioactivityRadioactivity

NaturalNatural Radioisotops:Radioisotops:
1414C          TC          T1/21/2 = 5.7  x 10= 5.7  x 1033 aa
235235U                  0.7  x 10U                  0.7  x 1066 aa
4040K                   1.2  x 10K                   1.2  x 1099 a a 
232232Th               14    x 10Th               14    x 1099 aa
238238U                 4.47 x 10U                 4.47 x 1099 a a 

Radioisotopes in the reactorRadioisotopes in the reactor
239239Pu     TPu     T1/2 1/2 = 2.4 x 10= 2.4 x 1044 aa
131131I                 8 dI                 8 d
9090Sr               29 aSr               29 a
137137Cs             30 aCs             30 a

Sources of exposition: Sources of exposition: ∑∑ approx. 4 approx. 4 mSv/ymSv/y
For For comparisoncomparison: U.S. : U.S. regulationregulation (1995): (1995): HighHigh--levellevel nuclearnuclear wastewaste 0.15 mSv/y0.15 mSv/y

–– 84% naturally 84% naturally 
63% 63% 222222Rn (alpha emission), Rn (alpha emission), U+ThU+Th, , 4040K (beta and positron emission)K (beta and positron emission)
12% internally (food, 12% internally (food, radioelementsradioelements in human body) in human body) 
9% cosmic radiation (e.g. in 10 km 40 9% cosmic radiation (e.g. in 10 km 40 mSvmSv/a, on 2 km 1 /a, on 2 km 1 mSvmSv/a)/a)

–– http://www.gsf.de/epcard2/ (computation flight dose) http://www.gsf.de/epcard2/ (computation flight dose) 

–– 16% technically 16% technically 
15% medicine (e.g. X15% medicine (e.g. X--ray diagnostics) ray diagnostics) 
0.6% other technical applications 0.6% other technical applications 
0.3% fall out 0.3% fall out 

Basics Basics RadioactivityRadioactivity
ExpositionExposition
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Basics Basics RadioactivityRadioactivity
Impact of Impact of RadioactivityRadioactivity

Effects: Effects: 
–– Ionizing radiation Ionizing radiation ionization and excitation of ionization and excitation of 

molecules molecules formation of free radicals (cellular formation of free radicals (cellular 
poisons)poisons)

–– Radiobiological functional chain Radiobiological functional chain 
Physical phase (ionization, excitation; 10Physical phase (ionization, excitation; 10--1616 s) s) 
Chemical phase (radical, peroxide formation; 10Chemical phase (radical, peroxide formation; 10--66 s) s) 
Biochemical phase (molecular changes; 10Biochemical phase (molecular changes; 10--22 s) s) 
Biological phase (acute cellular changes in hours, late (e.g. Biological phase (acute cellular changes in hours, late (e.g. 
cancer) in years, genetic damage in generations)cancer) in years, genetic damage in generations)

Basics Basics RadioactivityRadioactivity
Impact of Impact of RadioactivityRadioactivity

Limits for artificially caused effective doseLimits for artificially caused effective dose
–– Occupationally exposed to radiation: 20 Occupationally exposed to radiation: 20 mSvmSv/a/a
–– Population: 1 Population: 1 mSvmSv/a /a 

Regulations:Regulations:
–– Federal law from 22 March 1991: Radiation Federal law from 22 March 1991: Radiation 

protection law protection law StSGStSG
–– regulation from 22 June 1994: Radiation protection regulation from 22 June 1994: Radiation protection 

regulation regulation StSVStSV
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UraniumUranium depositsdeposits and and miningmining

Uranium occurs in a number of different Uranium occurs in a number of different 
igneous, hydrothermal and sedimentary igneous, hydrothermal and sedimentary 
geological environmentsgeological environments
–– UnconformityUnconformity--related deposits in related deposits in metasedimentsmetasediments

(approx. 33% of uranium (approx. 33% of uranium ressourcesressources))
–– Granite Granite BrecciaBreccia complex deposits complex deposits 
–– SedimentarySedimentary precipitationprecipitation depositsdeposits (approx. 18% of (approx. 18% of 

uranium uranium ressourcesressources))
–– VolcanicVolcanic depositsdeposits
–– VeinVein depositsdeposits (approx. 9% of uranium (approx. 9% of uranium ressourcesressources))

Lambert et al. 1996Lambert et al. 1996

UraniumUranium depositsdeposits and and miningmining

leading countries in cumulative uranium leading countries in cumulative uranium 
production from 1945production from 1945--2003 were:2003 were:
–– USSR (production only to 1991) USSR (production only to 1991) –– 378 378 ktkt

U, or 17% of total production;U, or 17% of total production;
–– Canada Canada –– 375 375 ktkt U, 17%;U, 17%;
–– United States United States –– 367 367 ktkt U, 12%;U, 12%;
–– Germany (mainly GDR until 1989) Germany (mainly GDR until 1989) –– 219 219 

ktkt U, 10%;U, 10%;
–– South Africa South Africa –– 158 158 ktkt U, 7%.U, 7%.

Now over half of the world's production Now over half of the world's production 
of uranium from mines is from Canada, of uranium from mines is from Canada, 
Australia and Kazakhstan.Australia and Kazakhstan.
Mining methods:Mining methods:
–– Approx. 40% undergroundApprox. 40% underground
–– Approx. 30% open pitApprox. 30% open pit
–– Approx. 20% in situ leachingApprox. 20% in situ leaching

Investigated supply for about 50Investigated supply for about 50--200 y 200 y 
(~11 (~11 bnbn t, fast extendable to >23 t, fast extendable to >23 bnbn t)t)

Source: World Nuclear Association

ProductionProduction ((tonnestonnes U)U)

countrycountry 20062006

CanadaCanada 98629862

AustraliaAustralia 75937593

KazakhstanKazakhstan 52795279

NigerNiger 35343534

RussiaRussia 34003400

NamibiaNamibia 30773077

UzbekistanUzbekistan 22702270

USAUSA 16921692

……

Total Total worldworld 3965539655
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UraniumUranium depositsdeposits and and miningmining

The gap between primary supply and uranium requirements since 19The gap between primary supply and uranium requirements since 1991 91 
has been filled by secondary supplies (e.g. military and commerchas been filled by secondary supplies (e.g. military and commercial ial 
inventories, enriched uranium tails, reprocessed uranium and mixinventories, enriched uranium tails, reprocessed uranium and mixed ed 
oxide fuel=MOX). oxide fuel=MOX). 

Source: World Nuclear Association

UraniumUranium depositsdeposits and and minemine tailingstailings

Worldwide nearly 940 Mio mWorldwide nearly 940 Mio m33 tailingstailings
–– Largest in Kazakhstan (209 Mio mLargest in Kazakhstan (209 Mio m33), Germany (161), Ukraine ), Germany (161), Ukraine 

(130) and U.S. (120) (130) and U.S. (120) 
After U extraction the mill tailings contain all the After U extraction the mill tailings contain all the 
radionuclidesradionuclides of the U decay series of the U decay series hazardous due hazardous due 
to radioactive and toxic elements remain from ore to radioactive and toxic elements remain from ore 
processingprocessing
MobilityMobility of of radionuclidesradionuclides and and toxictoxic metals metals isis enhancedenhanced
byby acidificationacidification duedue to to sulphidesulphide oxidationoxidation
AdequateAdequate disposaldisposal of of tailingstailings to to reducereduce thethe releaserelease of of 
radionuclidesradionuclides and and hazardoushazardous elementselements
LongtermLongterm activeactive remediationremediation of of contaminatedcontaminated groundground
waterwater

Abdelouas 2006
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Life Cycle AssessmentLife Cycle Assessment

B.J. Merkel, A. B.J. Merkel, A. HascheHasche--Berger: Berger: ““Uranium in the Uranium in the 
Environment.Environment.”” Springer 2006Springer 2006
–– Suggesting a methodology for LCA of environmental protection Suggesting a methodology for LCA of environmental protection 

measures and remedial actions using the remediation of mining simeasures and remedial actions using the remediation of mining sites tes 
as an exampleas an example

““LifeLife--Cycle Energy Balance and Greenhouse Gas Cycle Energy Balance and Greenhouse Gas 
Emissions of Nuclear Energy in Australia.Emissions of Nuclear Energy in Australia.”” Report of the Report of the 
Centre for Integrated Sustainability Analysis (ISA), Centre for Integrated Sustainability Analysis (ISA), 
University of Sydney, 2006University of Sydney, 2006

NuclearNuclear EnergyEnergy
EnergyEnergy and COand CO22

UU--ore (e.g. UOore (e.g. UO22): 99.3% ): 99.3% 238238U (92p+146n), +0.7% U (92p+146n), +0.7% 235235U (92p+143n) = U (92p+143n) = fissiblefissible
Enrichment to 3Enrichment to 3--5% 5% 235235U by gas diffusion or centrifugation (main COU by gas diffusion or centrifugation (main CO22 source)source)
Producing 20 t of metallic U (typical for Producing 20 t of metallic U (typical for 1 GW power 1 GW power p.ap.a.) .) requires the mining of requires the mining of 
17 17 ktkt of 1 wt% Uof 1 wt% U--oreore
Energy 1 kg Energy 1 kg 235235U U equivalentequivalent to ~3000 t to ~3000 t coalcoal oror 20 t nuclear fuel 20 t nuclear fuel 8 8 MrdMrd kWh kWh 
power equivalent to 2 Mio t coal almost without COpower equivalent to 2 Mio t coal almost without CO22, , NONOxx, , SOSOxx) ) 

Energy Energy input/outputinput/output::
–– NuclearNuclear <5%<5%
–– CoalCoal ~6%~6%
–– Gas ~18%Gas ~18%
–– Solar 10Solar 10--20%20%
–– Wind 2Wind 2--20%20%

In Switzerland ~95% from water In Switzerland ~95% from water 
and NPPand NPP

Abdelouas 2006

PSI Energiespiegel

CO2-equivalent g/kWh
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NuclearNuclear Energy Energy -- WorldWorld

TodayToday 441 441 nuclearnuclear power power plantsplants withwith 372 GW, 30 372 GW, 30 underunder constructionconstruction

Nuclear energy production 16% (20Nuclear energy production 16% (20--40% in western developed countries, France 78%)40% in western developed countries, France 78%)

www.nuklearforum.chwww.nuklearforum.ch

NuclearNuclear EnergyEnergy-- SwitzerlandSwitzerland

~42% of total ~58 ~42% of total ~58 MrdMrd kWh  kWh  
in 2006in 2006

BeznauBeznau I+II (KKB) PWRI+II (KKB) PWR
–– 365 MW each, 40 t, since 365 MW each, 40 t, since 

1969/19721969/1972
MMüühleberghleberg (KKM) BWR(KKM) BWR
–– 355 MW, 40 t, since 1973355 MW, 40 t, since 1973

GGöösgensgen (KKG) PWR(KKG) PWR
–– 1 GW, 135 t, since 19791 GW, 135 t, since 1979

LeibstadtLeibstadt (KKL) BWR(KKL) BWR
–– 1.1 GW, 113 t, since 19841.1 GW, 113 t, since 1984

Interim storage facility Interim storage facility 
ZWILAG ZWILAG WWüürenlingenrenlingen
–– since 1996since 1996
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NuclearNuclear EnergyEnergy

Energy demandEnergy demand
–– 1 t CO1 t CO22 and 2000 W society: and 2000 W society: 

Fossil fuels give 900Fossil fuels give 900--1100 W1100 W
more energy without COmore energy without CO22 (electricity ~25% of energy)(electricity ~25% of energy)
Need for more electricity with almost no emission of Need for more electricity with almost no emission of 
greenhouse gasesgreenhouse gases

„„RenaissanceRenaissance““ of nuclear power!?of nuclear power!?

NuclearNuclear EnergyEnergy

„„RenaissanceRenaissance““ of nuclear power!?of nuclear power!?
Proven technology (produces already 16% of worlds electricity)Proven technology (produces already 16% of worlds electricity)
Energy release by a factor of 1 Mio per unit mass higher as Energy release by a factor of 1 Mio per unit mass higher as 
combustioncombustion
Small and contained waste volume (~20 t per reactor/y)Small and contained waste volume (~20 t per reactor/y)
New reactor designs and advanced fuel cycles for elimination of New reactor designs and advanced fuel cycles for elimination of 
important waste radionuclide (important waste radionuclide (PuPu, , NpNp) or using as new fissile ) or using as new fissile 
materialmaterial
Radioactivity and Radioactivity and radiotoxicityradiotoxicity drops by many orders of magnitude drops by many orders of magnitude 
during the first 1000 yearsduring the first 1000 years

Acceptance of nuclear power increasedAcceptance of nuclear power increased
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NuclearNuclear EnergyEnergy

But!!!But!!!
keep COkeep CO22 level to twice prelevel to twice pre--industrial level (550 ppm) needs fast industrial level (550 ppm) needs fast 
and significant increase of nuclear powerand significant increase of nuclear power
10x increase of energy demand 10x increase of energy demand apprappr. 3500 new 1 GW nuclear . 3500 new 1 GW nuclear 
power plants necessary (producing >100 power plants necessary (producing >100 ktkt ! of spent nuclear fuel)! of spent nuclear fuel)
optimisticoptimistic futurefuture impactimpact of of nuclearnuclear power (10x power (10x moremore in 2050) COin 2050) CO22
emissionemission still 5 still 5 GtGt C/a (C/a (todaytoday 7 7 GtGt C/a (C/a (displacementdisplacement of 0.5 of 0.5 GtGt C/a C/a 
byby nuclearnuclear power power onlyonly))
3x 3x increaseincrease of of nuclearnuclear power plant power plant productionproduction wouldwould requirerequire thethe
constructionconstruction of of aboutabout 2 GW 2 GW capacitycapacity per per monthsmonths!!

CompareCompare: In : In SwitzerlandSwitzerland fromfrom projectproject planningplanning untiluntil operatingoperating
approvalapproval aboutabout 18 a (SFOE/HSK)18 a (SFOE/HSK)

Ewing 2006

NuclearNuclear EnergyEnergy

So:So:
nuclear power will remain important but with nuclear power will remain important but with 
increasing energy demand nuclear power increasing energy demand nuclear power 
seems to be not the solutionseems to be not the solution
Further reasons to hesitate:Further reasons to hesitate:
–– SafetySafety of of nuclearnuclear power power plantsplants
–– DisposalDisposal of of nuclearnuclear wastewaste
–– RadioactiveRadioactive releaserelease fromfrom uraniumuranium miningmining and and 

processingprocessing
–– PossiblePossible diversiondiversion of of nuclearnuclear material material forfor thethe

productionproduction of of nuclearnuclear weaponsweapons
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AuthoritiesAuthorities

WorldWorld
–– Nuclear Energy Agency (NEA) within the Organization for EconomicNuclear Energy Agency (NEA) within the Organization for Economic CoCo--

operation and Development (OECD): operation and Development (OECD): www.nea.frwww.nea.fr
–– International Atomic Energy Agency (IAEA) within the United NatiInternational Atomic Energy Agency (IAEA) within the United Nations family ons family 

((““Atoms for PeaceAtoms for Peace””) ) www.iaea.orgwww.iaea.org

SwitzerlandSwitzerland
–– Department of Department of thethe EnvironmentEnvironment, Transport, Energy and Communications , Transport, Energy and Communications withwith

thethe Swiss Federal Office of Energy (SFOE, BFE) as Swiss Federal Office of Energy (SFOE, BFE) as licensinglicensing authorityauthority
–– Swiss Federal Nuclear Safety Inspectorate (HSK, federal nuclear Swiss Federal Nuclear Safety Inspectorate (HSK, federal nuclear supervisory as supervisory as 

regulatory authority for assessment and controlling security andregulatory authority for assessment and controlling security and radiation radiation 
protection in Swiss nuclear installations): protection in Swiss nuclear installations): www.bfe.admin.chwww.bfe.admin.ch, , www.hsk.chwww.hsk.ch

and as expert commissions advising the Federal Counciland as expert commissions advising the Federal Council
–– Federal interagency working group for nuclear waste management (Federal interagency working group for nuclear waste management (AGNEB), AGNEB), 
–– Commission for Nuclear Waste Management (KNE)Commission for Nuclear Waste Management (KNE)
–– CommisionCommision for Nuclear Safety (KNS)for Nuclear Safety (KNS)

www.ksa.admin.chwww.ksa.admin.ch, , www.ksrwww.ksr--cpr.admin.chcpr.admin.ch//

NuclearNuclear EnergyEnergy
The Federal Act on Nuclear Energy (March 2003)The Federal Act on Nuclear Energy (March 2003)

Radioactive substances must be handled in such a way Radioactive substances must be handled in such a way 
as to as to produce the least radioactive wasteproduce the least radioactive waste possiblepossible

Radioactive waste produced in Switzerland must in Radioactive waste produced in Switzerland must in 
principle be principle be disposed of in Switzerlanddisposed of in Switzerland

Radioactive waste must be disposed of in such a way Radioactive waste must be disposed of in such a way 
that the that the lasting safetylasting safety of man and environment is of man and environment is 
ensuredensured
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NuclearNuclear EnergyEnergy
The Federal Act on Nuclear Energy (March 2003)The Federal Act on Nuclear Energy (March 2003)

Whoever operates or decommissions a nuclear installation shall bWhoever operates or decommissions a nuclear installation shall be e 
obliged to dispose of the radioactive waste produced by it, in aobliged to dispose of the radioactive waste produced by it, in a
safe manner and safe manner and at his expensesat his expenses..

The essential preparatory work, such as The essential preparatory work, such as researchresearch and and geological geological 
studiesstudies, as well as the , as well as the preparation in good time of a deep preparation in good time of a deep 
geological repositorygeological repository, form an integral part of the radioactive , form an integral part of the radioactive 
waste disposal obligationwaste disposal obligation

DisposalDisposal = = conditioningconditioning +  interim +  interim storagestorage + final + final storagestorage
–– ConditioningConditioning includesincludes all all operationsoperations preparingpreparing radioactiveradioactive wastewaste forfor disposaldisposal
–– Conditioning procedures:Conditioning procedures:

mixed with molten glass and encapsulated in standard steel contamixed with molten glass and encapsulated in standard steel containers, where it iners, where it 
hardens to a solid glass matrix, afterwards placed in thickhardens to a solid glass matrix, afterwards placed in thick--walled safety canisterswalled safety canisters
Compaction and incineration are used to reduce volumes of lowCompaction and incineration are used to reduce volumes of low-- and intermediateand intermediate--
level waste and the remaining material is mixed with cement or blevel waste and the remaining material is mixed with cement or bitumen and poured itumen and poured 
into 200into 200--litre drums for hardening.litre drums for hardening.

NuclearNuclear EnergyEnergy
Financial situationFinancial situation

NPP allowances (conditioning, interim storage, NPP allowances (conditioning, interim storage, 
decommissioning, dismantling, disposal) decommissioning, dismantling, disposal) 
–– 40 years operating time 14 40 years operating time 14 MrdMrd CHFCHF
–– Today about 7 Today about 7 MrdMrd (federal disposal fond)(federal disposal fond)

Insurance: Insurance: 
–– In case of accident up to 1 In case of accident up to 1 MrdMrd CHF only (per NPP)CHF only (per NPP)

one reason for too cheap nuclear power?one reason for too cheap nuclear power?
Realistic estimation 4000 Realistic estimation 4000 MrdMrd CHF damageCHF damage

–– In next future increasing insurance to ~2 In next future increasing insurance to ~2 MrdMrd CHFCHF
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Disposal Disposal -- Safety Safety -- RiskRisk

Radioactive waste exists since >40 yrs.Radioactive waste exists since >40 yrs.
–– from nuclear power plantsfrom nuclear power plants
–– from research, industrial and medical applicationsfrom research, industrial and medical applications

to date no longto date no long--term solution for the safe term solution for the safe 
disposaldisposal

Disposal Disposal -- Safety Safety -- RiskRisk

Current concept: Safe and effective disposal of Current concept: Safe and effective disposal of 
this waste in final repositories with natural and this waste in final repositories with natural and 
engineered barriers in deep and stable engineered barriers in deep and stable 
geological formationsgeological formations
SafetySafety: a relative : a relative notionnotion (absolute (absolute safetysafety
doesndoesn‘‘tt existexist))
–– AcceptableAcceptable levelslevels
–– ConnectedConnected risksrisks to to thethe environmentenvironment (to (to quantifyquantify))

extentextent of of undesirableundesirable consequencesconsequences of an of an incidentincident
UncertaintyUncertainty of of thethe incidentincident ((probabilityprobability duringduring a a givengiven time time 
periodperiod))
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Disposal Disposal -- Safety Safety -- RiskRisk

Hazards in disposal of nuclear wasteHazards in disposal of nuclear waste
–– Increased radiation doseIncreased radiation dose
–– Released Released radionuclidesradionuclides
–– Unauthorized accessUnauthorized access
–– AwarenessAwareness aboutabout eveneven in in centuriescenturies
–– Long time Long time periodperiod

NuclearNuclear wastewaste inventoryinventory

Nuclear waste is any radioactively contaminated residual substanNuclear waste is any radioactively contaminated residual substances, from ces, from 
operation and dismantling of nuclear installations and from handoperation and dismantling of nuclear installations and from handling ling 
radioactive substances in medicine, industry and research (MIF),radioactive substances in medicine, industry and research (MIF), which which 
can not decontaminated and reused. can not decontaminated and reused. 

SwitzerlandSwitzerland (50 a (50 a operationoperation NPP and NPP and ––2050 2050 fromfrom otherother sourcessources))
SourcesSources, , ClassificationClassification, , VolumesVolumes
–– Spent fuel elements (SF, ~5 years working period in a reactor) aSpent fuel elements (SF, ~5 years working period in a reactor) and highnd high--level level 

waste (HLW) including dismantled reactor safety container waste (HLW) including dismantled reactor safety container 
7500 m7500 m33

–– IntermediateIntermediate--level longlevel long--lived waste (ILW) (from reprocessing SF until 2006)lived waste (ILW) (from reprocessing SF until 2006)
2600 m2600 m33

–– LowLow-- and intermediateand intermediate--level waste (L/ILW) level waste (L/ILW) 
7777‘‘000 m000 m33

–– SumSum 9090‘‘000 m000 m3 3 ((assumingassuming reprocessingreprocessing 1/3 of SF (1/3 of SF (stoppedstopped 2006) and 2006) and includingincluding
wastewaste fromfrom decommissioningdecommissioning of of nuclearnuclear facilitiesfacilities))

already today we have radioactive waste!!!already today we have radioactive waste!!!
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NuclearNuclear wastewaste regulationregulation

1972 1972 NagraNagra (National Cooperative for the Disposal of (National Cooperative for the Disposal of 
Radioactive Waste):Radioactive Waste):
–– nuclear power plant operators (SNF)nuclear power plant operators (SNF)
–– Swiss Federal Government (waste arising from medicine, Swiss Federal Government (waste arising from medicine, 

industry and research)industry and research)
www.nagra.chwww.nagra.ch

–– Preparing inventories of all radioactive wastes in Switzerland Preparing inventories of all radioactive wastes in Switzerland 
(nuclear power plants, medicine, industry and research)(nuclear power plants, medicine, industry and research)

–– Planning geological repositories for safe disposal of all Planning geological repositories for safe disposal of all 
categories of radioactive wastecategories of radioactive waste

–– Carrying out geological investigations in potential Carrying out geological investigations in potential sitingsiting regions regions 
–– Preparing projects which demonstrate the safety of geological Preparing projects which demonstrate the safety of geological 

disposaldisposal
–– Promoting international collaboration on research and Promoting international collaboration on research and 

development projectsdevelopment projects

Disposal Disposal -- Safety Safety -- RiskRisk

Protection Objective for the final disposal of Protection Objective for the final disposal of 
radioactive waste:radioactive waste:
1.1. TheThe releaserelease of of radionuclidesradionuclides fromfrom sealedsealed repositoryrepository

subsequent upon processes and subsequent upon processes and duedue to to reasonablyreasonably
expectableexpectable eventsevents shallshall at at no timeno time givegive riserise to to individualindividual
dosesdoses exceedingexceeding 0.1 mSv per 0.1 mSv per yearyear..

2.2. The individual radiological risk of fatality from a sealed The individual radiological risk of fatality from a sealed 
repository subsequent upon unlikely processes and events repository subsequent upon unlikely processes and events 
not taken into consideration in Protection Objective 1 not taken into consideration in Protection Objective 1 
shall, at no time, exceed one in a million per year.shall, at no time, exceed one in a million per year.

3.3. After a repository has been sealed, no further measures After a repository has been sealed, no further measures 
shall be necessary to ensure safety. A repository must be shall be necessary to ensure safety. A repository must be 
designed in such a way that it can be sealed within a few designed in such a way that it can be sealed within a few 
years.years.
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NuclearNuclear wastewaste
disposaldisposal aspectsaspects

concepts for different categoriesconcepts for different categories
–– Specific part. for HLW Specific part. for HLW low amount but safe disposal for low amount but safe disposal for 

>10>10‘‘000 a: Heat generation, high level of radiation, pot. 000 a: Heat generation, high level of radiation, pot. 
release of toxic radionuclide (release of toxic radionuclide (PuPu))

Temporal aspect in disposalTemporal aspect in disposal
–– Safe handling until final storageSafe handling until final storage
–– Disposal concept (technical, site)Disposal concept (technical, site)
–– construction, operation and closing of the final repositoryconstruction, operation and closing of the final repository

Site aspectsSite aspects
–– Technical questions/security Technical questions/security 
–– Economic aspects (costs, effects on regional economy) Economic aspects (costs, effects on regional economy) 
–– traffic and environment traffic and environment 
–– Emotional aspects, immaterial costs Emotional aspects, immaterial costs 

NuclearNuclear wastewaste
disposaldisposal conceptsconcepts

„„marinemarine disposaldisposal““, , Since the London Convention 1975 Since the London Convention 1975 
(ratified 1994) prohibited internationally(ratified 1994) prohibited internationally
–– e.ge.g. . SwitzerlandSwitzerland 19781978--19821982

„„longlong termterm surfacesurface disposaldisposal““
–– NetherlandsNetherlands: HLW, 100 a, HABOG (: HLW, 100 a, HABOG (www.covra.nlwww.covra.nl))
–– Spain (Spain (www.enresa.eswww.enresa.es))

„„nearnear surfacesurface disposaldisposal ““
–– France: LLW, 300 a (France: LLW, 300 a (www.andra.frwww.andra.fr))

Centre de la Manche (1969Centre de la Manche (1969--1994; 5271994; 527´́000 m000 m33))
Centre de Centre de ll‘‘AubeAube (1992(1992--……; 1 ; 1 MioMio mm33))

–– SpainSpain
El El CabrilCabril (1992(1992--……; 44; 44´́000 m000 m33))
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NuclearNuclear wastewaste
disposaldisposal conceptsconcepts

““TransmutationTransmutation””
further burning in the reactor as further burning in the reactor as 
nuclear fuel through nuclear fuel through „„a blowing a blowing 
onon““ with neutrons from outside with neutrons from outside 
–– Forming radionuclide with short Forming radionuclide with short 

half timehalf time
–– leads up to the stable rutheniumleads up to the stable ruthenium

Still in researchStill in research
Still necessary are repositories to Still necessary are repositories to 
safely dispose of existing and safely dispose of existing and 
future conditioned high level and future conditioned high level and 
medium level nuclear waste, medium level nuclear waste, 
which cannot be transmutedwhich cannot be transmuted

NuclearNuclear wastewaste
disposaldisposal conceptsconcepts -- SurfaceSurface disposaldisposal

YesYes, , forfor interim interim storagestorage
–– CoolingCooling
–– monitoringmonitoring
–– accessaccess ((futurefuture rawraw material, material, laterlater

disposaldisposal withwith thethe ultimateultimate conceptconcept))
–– ZWILAG in ZWILAG in WWüürenlingenrenlingen and at the and at the 

nuclear power plantsnuclear power plants

butbut notnot as finalas final
–– longlong termterm safetysafety: : 

climateclimate, , 
politicalpolitical situationsituation
unauthorizedunauthorized accessaccess

15 m atom-eggs made from Steel 
and concrete
Project: Prof. Lehmden, Acad. Fine 
Arts Vienna
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NuclearNuclear wastewaste
disposaldisposal conceptsconcepts -- Deep geological Deep geological 
repositoryrepository

Two deep geological repositories are foreseen in Switzerland, onTwo deep geological repositories are foreseen in Switzerland, one e 
for spent fuel (SF), highfor spent fuel (SF), high--level waste (HLW) and longlevel waste (HLW) and long--lived lived 
intermediateintermediate--level waste (ILW) and one for lowlevel waste (ILW) and one for low-- and intermediateand intermediate--
level waste (L/ILW). The repositories will be constructed at a level waste (L/ILW). The repositories will be constructed at a 
depth of several hundred metres in suitable rock formations.depth of several hundred metres in suitable rock formations.

DisposalDisposal of of nuclearnuclear wastewaste

sourcesource

Conditioning and Conditioning and 
interim storageinterim storage

Planning and Planning and 
realization of realization of 
repositoryrepository

ResearchResearch

NPPNPP

((ZWIBEZZWIBEZ))
ZWILAGZWILAG

Medicine, Industry, Medicine, Industry, 
research (MIF)research (MIF)

BZLBZL @ PSI@ PSI

NagraNagra
National CoNational Co--operative for the Disposal of Radioactive Wasteoperative for the Disposal of Radioactive Waste

Nationalen Genossenschaft fNationalen Genossenschaft füür die Lagerung radioaktiver Abfr die Lagerung radioaktiver Abfäällelle

PSI / LESPSI / LES (Laboratory for Waste Management)(Laboratory for Waste Management)
ETHZ, ETHZ, UniUni Bern, Bern, ……
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NuclearNuclear wastewaste

State in CH:State in CH:
–– Still sufficient interim storage place Still sufficient interim storage place 
–– Disposal LLW unsolved: disposal feasibility for L/ILW was Disposal LLW unsolved: disposal feasibility for L/ILW was 

determined by the Federal Government to have been brought determined by the Federal Government to have been brought 
successfully in 1988 (successfully in 1988 (WellenbergWellenberg project) project) 

however, 2002 politically rejectedhowever, 2002 politically rejected

–– Disposal HLW: disposal feasibility for HLW was determined by Disposal HLW: disposal feasibility for HLW was determined by 
the Federal Government to have been brought successfully in the Federal Government to have been brought successfully in 
2006 (2006 (OpalinusOpalinus Clay project NTB 02Clay project NTB 02--0n)0n)

–– until 2040until 2040--2050 construction and operation of HLW repository2050 construction and operation of HLW repository
The site decision is a matter for the future.The site decision is a matter for the future.
Involvement of the public in all decisions and licensing proceduInvolvement of the public in all decisions and licensing procedures res 
is assured. is assured. 

NuclearNuclear wastewaste

Possible layout for a deep geological repositoryPossible layout for a deep geological repository
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NuclearNuclear wastewaste
Disposal Disposal -- Safety Safety -- RiskRisk

requirements on the geological environment:requirements on the geological environment:
–– LongLong--term geological stabilityterm geological stability
–– Favourable host rock properties (barrier function)Favourable host rock properties (barrier function)
–– Sufficient extent of host rock bodySufficient extent of host rock body
–– Avoidance of, and insensitivity to, detrimental Avoidance of, and insensitivity to, detrimental 

phenomena and perturbationsphenomena and perturbations
–– ExplorabilityExplorability
–– PredictabilityPredictability

NuclearNuclear wastewaste

NEA 1999

Limits of predictability of a geological disposal systemLimits of predictability of a geological disposal system
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NuclearNuclear wastewaste
Geological risk factorsGeological risk factors

Waste disposal in Northern SwitzerlandWaste disposal in Northern Switzerland
–– TectonicallyTectonically stablestable, , depthdepth of of hosthost rockrock

Regional geological and Regional geological and neotectonicneotectonic developments within the next 1 Mio developments within the next 1 Mio 
yearsyears
Scenario A:Scenario A:
–– Alpine Alpine orogenicorogenic cycle comes to an end, tectonic movements stop cycle comes to an end, tectonic movements stop no no 

geological riskgeological risk
Scenario B:Scenario B:
–– Alpine Alpine orogenicorogenic cycle active for the next 10 Mio yearscycle active for the next 10 Mio years

Continuation of tectonic movementsContinuation of tectonic movements
Basement uplift up to 400 m, shearing on faults about 50 cmBasement uplift up to 400 m, shearing on faults about 50 cm
Erosion of about 200 mErosion of about 200 m
Climatic changes, changes in the Climatic changes, changes in the hydrogeologicalhydrogeological state will not affect the basementstate will not affect the basement

Plausible* future geological development will not affect the safPlausible* future geological development will not affect the safety of a ety of a 
repositoryrepository

* plausible from the geological development until now and compar* plausible from the geological development until now and compared to other ed to other 
orogenicorogenic regionsregions

Diebold & MDiebold & Müüller 1985: Szenarien der geologischen Langzeitsicherheit. NTB 84ller 1985: Szenarien der geologischen Langzeitsicherheit. NTB 84--2626

NuclearNuclear wastewaste disposaldisposal
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Disposal Disposal -- Safety Safety –– RiskRisk
Model Model chainchain calculationcalculation

Safety assessment to demonstrate that the Safety assessment to demonstrate that the ““Protection Protection 
ObjectiveObjective”” is fulfilled for a planned geological repositoryis fulfilled for a planned geological repository
–– geochemical and transport modelling.geochemical and transport modelling.

NuclearNuclear wastewaste disposaldisposal

Implementation stepsImplementation steps
–– Technical realization Technical realization 

strategystrategy
Disposal concept, site Disposal concept, site 
selection, site investigationselection, site investigation
construction and operation construction and operation 
planningplanning

–– Public confidence in this Public confidence in this 
strategystrategy

Comprehension of the Comprehension of the 
publicpublic

–– Decision making processDecision making process


