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Global population and energy consumption
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Global population and energy consumption

Table: Values for energy from BP Statistical Review of World Energy 2015

Values for electricity from http://www.eia.gov/ abg. 9.10.15

World

Energy: 1.5 1014 kWh = 5.2 1020 J = 520EJ=1.3 1010 toe

Electricity: 2.0 1013  kWh = 7.8 1019 J =  78EJ

Germany

Energy: 3.7 1012 kWh = 1.3 1019 J =  13EJ= 3.1 108 toe

Electricity: 5.4 1011 kWh = 1.8 1018 J =    2EJ

http://www.eia.gov/
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Main Energy Carrier: Fossil

Hauptenergieträger fossil

Ressourcen
If the total world energy demand was covered by coal …
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Primary Energy Carriers 2017(%)
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Electricity generation in Germany 2017 
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Reactors in Germany 2018

www.kernenergie.de
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Nuclear power: Three policy changes –

3 • 180° = 540°

 2000: 19 reactors (light water PWR and BWR), 

170∙109 kWh – 29 % of total (gross) electricity production

1. 2000: agreement between Federal Government and utility companies:

 Total residual electricity amount to be produced by 19 nuclear power plants: 

2,623.30∙109 kWh (net)

 Operating life time 32 years per nuclear power plant (average)

2. 2010: “phase-out from the phase-out”: 

 Residual electricity amount increased; lifetime extensions of 8-14 years per reactor

 Nuclear as “bridging technology” when moving towards renewables and meeting 

CO2 emission targets at the same time

3. 2011: Tōhoku earthquake, resulting tsunami und Fukushima accidents 

 Residual electricity amount decreased (back to amounts defined in 2000). License 
expiry for 8 blocks by August 6, 2011

 Later license expiries for remaining 9 blocks, for the last 3 by 2022 

 2012: 9 reactors, 99∙109 kWh – 16 % of total (gross) electricity production
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Global Situation: NPPs in Construction 2019

http://www.kernenergie.de

Running: 450

In Construction: 58

http://www.kernenergie.de/kernenergie/themen/kernkraftwerke/kernkraftwerke-weltweit.php
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The Fuel Cycle
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IAEA-classification (Safety Guide GSG-1)

Germany: „heat generating radioactive waste “

IAEA nuclear energy series, ISSN 1995–7807 ; no. NW-T-1.14 |
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Global Spent Fuel Inventory 

Mass / Heavy Metal ton

1  Argentina 3 234

2  Belgium 4 300

3  Brazil 113

4  Bulgaria 943

5  Canada 33 858

6  China Note ??

7 Czech 882

8  Finland 1 377

9  France 10 920

10 Germany 4 738

11 Hungary  743

12 Italy  237

13 Japan 13 000

14 Rep. of Korea 7 286

15 Lithuania 1 818 

Mass / Heavy Metal ton

16 Netherlands 0.43

17 Romania 762

18 Russia 18 500

19 Slovakia 1 263

20 Slovenia 285

21 South Africa Note 7

22 Spain 3 196

23 Sweden  4 957

24 Switzerland 737

25 UK 9 585

26 Ukraine  ???

27 USA 49 352

total 176 419

[IAEA Tech Report 1591] (2006)
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Global Radioactive Waste Inventory

SOURCE LILW SPENT FUEL  HLW MINING & 

MILLING

Volume 

m3

Activity 

TBq

Mass

MTHM

Activity 

TBq

Volume 

m3

Activity 

TBq

Volume

m3

Activity

TBq

NUCLEAR

FUEL CYCLE 2.2 E6   1.2 E6 1.8 E5 2.8 E10 3.4 E4 4.2 E7 1.6 E9 2.8 E4

INSTITUTIONA

L ACTIVITIES 1.1 E6 7.0 E5

DEFENCE AND

WEAPON 4.0 E6 7.0 E5 8 E5 3.1 E7 2.5 E8 4.6 E3

TOTAL 7.3 E6 2.6 E6 1.8 E5 2.8 E10 8.3 E5 7.3 E7 1.8 E9 3.3 E4

[IAEA Tech Report 1591]
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LILW: Waste with negligible heat 

generation  280.000 m³ 

of these:

spent fuel*) 21.000 m³

vitrified waste**) 695 m³

Compacted waste 740 m3

technological waste**) 3.400 m³

SNF from research reactors. 160 m³

SNF from HTR 1975 m³

*)  440 t HM per year

**) from reprocessing COGEMA und BNFL

HLW Heat generating waste

total     28.000 m³               

- Prognosis -

Radioactive Waste in Germany
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Is this a lot ?
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Example

A) Repository for chemical

waste Herfa-Neurode

• Started: 1972 (BRD)

B) Repository for radioactive

waste Morsleben

• Started: 1971 (DDR)

© Cord Drögemüller
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Example

© Cord Drögemüller

A) Repository for chemical

waste Herfa-Neurode

• Started: 1972 (BRD)

• Biggest repository for

hazardous waste worldwide

B) Repository for radioactive

waste Morsleben

• Started: 1971 (DDR)

• LLW and MLW
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0
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0,07
5

Abfallvolumen
(in Mio. Tonnen)

Example

© Cord Drögemüller

A) Repository for chemical

waste Herfa-Neurode

• Started: 1972 (BRD)

• Biggest repository for

hazardous waste

• Today 3 000 000 m³

• Operator K&S

B) Repository for radioactive

waste Morsleben

• Started: 1971 (DDR)

• LLW and MLW

• Until1998 ca. 37.000 m³ waste

• Operator: BfS
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Perception by the public ? 

© Cord Drögemüller

„Herfa-Neurode“

6.500 hits on www.google.de

„Morsleben“

271.000 hits on www.google.de

6500

271000

Herfa-Neurode Morsleben

Google
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Perception by the public ? 

„Herfa-Neurode“

6.500 hits onwww.google.de

6500

271000

1370000
Google

© Cord Drögemüller

„Morsleben“

271.000 hits on www.google.de

6500

2710
00

Herfa-Neurode Morsleben

Google
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Radioactive Waste in Germany

Quelle: BfS ; Basis: Ausstiegsbeschluss

Conventionel:   Herfa Neurode: ~3 Mio m3

3
0
m

LILW: Waste with neglegible heat

generation 280.000 m³ 

of these:

spent fuel*) 21.000 m³

vitrified waste**) 695 m³

Compacted waste 740 m3

technological waste**) 3.400 m³

SNF from research reactors. 160 m³

SNF from HTR 1975 m³

HLW Heat generating waste

total     28.000 m³               
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How do you store plutonium?

J N
A CASTOR

B POLLUX

C KBS 3V canister

D pressure cooker

E I don‘t have any plutonium
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HAZ 17.8.2013

Solution:

Commercial 

(SEB)pressure 

cooker

Wanted:
Pots for 

plutonium
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Nuclear Power Plant

Pressurized Water Reactor

Boiling Water Reactor

KrümmelBrokdorf

SWR

Brunsbüttel

Unterweser

Emsland

Philippsburg

Obrigheim

Neckarwestheim Gundremmingen

Isar

Grafenrheinfeld

Grohnde

ZLN

Biblis

DWR

DWR

DWR

DWR

DWR DWR

DWR

DWRSWR

SWR SWRDWRDWR

SWR DWR

DWR

Storage Facility in operation

Storage Facility applied

TBL Ahaus

Central Storage Facilities

TBL Gorleben

SWR

Interim Storage Sites in Germany
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Spent Nuclear Fuel

 Intermediate Storage

 Dry Storage

 Air cooling–

convection

BLG Gorleben (© GNS)
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Wet storage: active cooling
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Waste Characterization

 Radiation ( g !) -> shielding

 Volatile radionuclides -> tightness of containers for transport, storage, disposal.

 Long-lived radionuclides -> timeframes of isolation and/or monitoring.

 Heat production -> cooling, layout of transport means, storage disposal facilities

 Chemical composition and physical condition 

-> reconditioning for packaging, transport, storage, and disposal.

 Potential radiological impact caused by different radionuclides determines the 

radiological hazard of the waste -> management. 

 The same applies of course to the chemotoxical potential.

 Concentration of fissile nuclides, geometric configuration -> potential for criticality. 

Avoid these configurations

Streffer et al. Radioactive Waste. Technical and Normative Aspects of its Disposal. 

Springer 2011

© Klaus-J. Röhlig (Thanks)
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Radioactive Waste: 

Strategies
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Reprocessing, interim storage and

transportation

 Until 1994: 

 SNF reprocessing as only option (with plans for reprocessing in Germany)

 Central SNF interim storage in Gorleben, Ahaus and Lubmin

 From 1994 on: 

 Direct SNF disposal as additional SNF management option, 

reprocessing in La Hague and Sellafield

 Vitrified high-level waste from reprocessing: central interim storage in Gorleben

 2000: agreement between Federal Government and utility companies: 

 spent fuel management limited to direct disposal, transports to reprocessing 

plants abroad no longer permitted

 interim storage facilities to be built at reactor sites in order to avoid transports

© Klaus-J. Röhlig (Thanks)
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Basic Decision Chain

?

Recycle Disposal

Delay/
Decay

Dilute
& Disperse 

Concentrate
& Confine

monitoring
maintenance

(active)

„passive 
safety“
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© UK NIREX / NDA

Space       

Options
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© UK NIREX / NDA

Space       „eternal“ ice

Options
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© UK NIREX / NDA

Space       „eternal“ ice subduction zone

Options
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© UK NIREX / NDA

Space       „eternal“ ice subduction zone seabed

Options



Page 37Clemens Walther, IRS, Leibniz Universität Hannover

© UK NIREX / NDA

Space       „eternal“ ice subduction zone seabed rock melting

Options
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© UK NIREX / NDA

Space       „eternal“ ice subduction zone seabed rock melting injection

Options
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© UK NIREX / NDA

Space       „eternal“ ice subduction zone seabed rock melting injection

Options
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Disposal Options SNF/HLW

Longterm Controlled (surveyed) Storage

 Technically feasible, in operation

 Central safety element: active action by operators  

 Retrieval anytime, simple

 Particularly advisable for resources (not vitrified waste!)
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Disposal Options SNF/HLW

Longterm Controlled (surveyed) Storage

 Technically feasible, in operation

 Central safety element: active action by operators  

 Retrieval anytime, simple

 Particularly advisable for resources (not vitrified waste!)

HABOG
( Borssele, Zeeland, NL)
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Disposal Options SNF/HLW

Ulimate Disposal in Deep Geological Formations

Technically feasible

 passive safety (no need for maintenance)

No measures for retrievability, recovery difficult

For waste not for resources
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Disposal Options SNF/HLW

Ulimate Disposal in Deep Geological Formations

Technically feasible

 passive safety (no need for maintenance)

No measures for retrievability, recovery difficult

For waste not for resources
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Disposal Options SNF/HLW

Longterm Controlled (surveyed) Storage

 Technically feasible, in operation

 Central safety element: active action by operators  

 Retrieval anytime, simple

 Particularly advisable for resources (not vitrified waste!)

Ulimate Disposal in Deep Geological Formations

Technically feasible

 passive safety (no need for maintenance)

No measures for retrievability recovery difficult

For waste not for resources

”Retrievable ” Disposal as a Compromise?
Retrieval/ recovery?

Time spans (500 years?)

Surveillance? Information? active action by mankind?

Safety concerns when not retrieved in time
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1
Packaged
Waste in 

Storage

SAFETY ASSURANCE

active controls

Before disposal

ease of retrieval

RETRIEVABILITY

RETRIEVABILITY vs. SAFETY ?

Nach : http://www.nea.fr/rwm/rr

http://www.nea.fr/rwm/rr
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1
Packaged
Waste in 

Storage
2

Waste in 
disposal cell -

Waste package
emplacement

-

Waste in deep geological disposal cell

SAFETY ASSURANCE

active controls

Before disposal

ease of retrieval

RETRIEVABILITY

http://www.nea.fr/rwm/rr
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1
Packaged
Waste in 

Storage
2

Waste in 
disposal cell - 3

Waste in 
sealed
disposal cell

Waste package
emplacement

Disposal cell 
backfilling and/or 
sealing

-

Waste in deep geological disposal cell

SAFETY ASSURANCE

active controls

Before disposal

ease of retrieval

RETRIEVABILITY

Nach : http://www.nea.fr/rwm/rr

http://www.nea.fr/rwm/rr
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1
Packaged
Waste in 

Storage
2

Waste in 
disposal cell - 3

Waste in 
sealed
disposal cell

4
Waste in 
sealed
disposal cell

Waste package
emplacement

-

passive safety

cost of retrieval

Waste in deep geological disposal cell

SAFETY ASSURANCE

active controls

Before disposal

ease of retrieval

RETRIEVABILITY

Disposal cell 
backfilling and/or 
sealing

Access gallery 
backfilling and/ 
or sealing

Nach : http://www.nea.fr/rwm/rr

http://www.nea.fr/rwm/rr
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1
Packaged
Waste in 

Storage
2

Waste in 
disposal cell - 3

Waste in 
sealed
disposal cell

4
Waste in 
sealed
disposal cell

5
Waste in 

closed
repository

Waste package
emplacement

Access gallery 
backfilling and/ 
or sealing

-

passive safety

cost of retrieval

Waste in deep geological disposal cell disposal cell sealed

SAFETY ASSURANCE

active controls

Before disposal

ease of retrieval

RETRIEVABILITY

Disposal cell 
backfilling and/or 
sealing

Repository 
Closure

Nach : http://www.nea.fr/rwm/rr

http://www.nea.fr/rwm/rr
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1
Packaged
Waste in 

Storage

SAFETY ASSURANCE

active controls

Before disposal

ease of retrieval

RETRIEVABILITY

2
Waste in 

disposal cell - 3
Waste in 
sealed
disposal cell

4
Waste in 
sealed
disposal cell

5
Waste in 

closed
repository

6
distant future

evolution

Waste package
emplacement

-

Repository 
Closure

Possible slow waste
package degradation

-

passive safety

cost of retrieval

Waste in deep geological disposal cell disposal cell sealed

Disposal cell 
backfilling and/or 
sealing

Access gallery 
backfilling and/ 
or sealing

Nach : http://www.nea.fr/rwm/rr

http://www.nea.fr/rwm/rr
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Radionuclide migration from a repository

GRS-247 (2008)

* Federal Ministry for Environment, Nature Conservation, Building and Nuclear Safety

Safety requirements for the disposal of heat generating radioactive  waste (2010) 
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No

danger
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Relevant properties of host rocks(BGR) (1)

Heat

conductivity

Hydraulic

conductivity

Mechanical

strength

Deformation 

Behaviour

Vault

Stability

Property Rock salt Claystone
Crystalline

e.g., granite

Favourable feature unfavourable feature medium

high

high

practically

impermeable

viscous

(creep)

inherent

stability

low

very low to

low

very low to

conductive

medium

medium
low to

medium

pto brittle brittle

high to low
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Relevant properties of host rocks(BGR) (2)

In-situ 

stress     

Solubility

Sorption   

behavior

Heat

resistance

Property Rock salt Claystone
Crystalline

e.g., granite

Favourable feature unfavourable feature medium

very low

litostatically

isotropic

very low

high

anisotropic anisotropic

high very low

very high
medium to

high

high
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Salt in Northern Germany

Gorleben

Morsleben

Asse II
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1 million years ? Really ?

260 mio years

ago the

„Zechsteinmeer“ 

started to dry 

out. Several

sedimentary

layers formed.

Potassiumsalt

Halide

Anhydride

Clay

00:00 

As an example the

evolution of the salt

dome Morsleben –

projected to 24h

Quelle: 

BfS

© Hartmut Schulze(FS), Thanks!
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g58

230 mio years

ago fractures

formed. Due to 

their low density, 

sedimentary

layers move

upward

03:00 : 

Quelle: 

BfS

© Hartmut Schulze(FS), Thanks!
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20.09.201859

90 mio years ago

the former

horizontal layers

fold up due to 

lateral pressure. 

The Caprock and

the salt mirror

„Salzspiegel“ 

form.

16:00 : 

Quelle: 

BfS

© Hartmut Schulze(FS), Thanks!
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60

65 mio years

ago, the

dinosaures

became extinct.

18:00 : 

© Hartmut Schulze(FS), Thanks!
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61

18:00 : 
65 mio years

ago, the

dinosaures

became extinct.

© Hartmut Schulze(FS), Thanks!
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62

Requirement of  

the German 

comission for 

Radioactive

Waste Disposal: 

Until 34 mio

years ago

(Oligozen) no 

fault 

(Verwerfung).

21:00 : 

Quelle: 

BfS

© Hartmut Schulze(FS), Thanks!
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20.09.201863

Buit, 

commissioning

and operation of 

repository mine

are finished. 

The post closure

phase starts

24:00 : 

Quelle: 

BfS

© Hartmut Schulze(FS), Thanks!
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64

The long term

safety phase for 

LAW/MAW of 

10.000 years is 

finished.

24:00 

+ 3 seconds

Quelle: 

BfS

© Hartmut Schulze(FS), Thanks!
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65

The long term

safety phase for 

HAW of 1 mio

years is finished.

24:00 

+ 3 minutes

Quelle: 

BfS

© Hartmut Schulze(FS), Thanks!
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A new start:

 Repository Site selection act

• Effective August 2017

• Search for site until 2031

• „Learning Law“

 Decommissioning/Disposal Fund Act

 Radioactive waste management transition act

 Follow-Up Liability Act
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Die Zeit 

14.2.2013

Not in my

backyard
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The „white“ map
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2013

Rock salt

Clay stone

Crystalline

(Granite)*

Interim 

storage

* No save enclosure,

strongly fractured
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„Players“
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„Players“

 Supervisory body for Asse, Morsleben and 

Schacht Konrad

 Regulator role in the nationwide search for 

a site for HAW

 Responsible for interaction with the public
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„Players“

 Operates Asse and Morsleben (and Gorleben mine)

 Constructs and operates Schacht Konrad

 Implementer role in the nationwide search for a site for 

HAW. Search formally started on 5thSeptember 2017 
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„Players“

“Nationales Begleitgremium” 

(National Monitoring Panel) 

 9 (later 18) independent and pluralistic members 

6 (later 12) appointed by Federal parliament 

 3 (later 6) nominated by a participation procedure

 Has to guaranty the openness of the selection process

 Has the right to report, but no right to intervene directly 
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Funding of interim storage and final 

disposal

 New national fund organized as public trust

 NPP operators have transferred 23 556 Mio € to 

the fund no further liability of the operators for 

interim storage and final disposal

 The fund has to finance all costs related to 

interim storage and final disposal 
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Time line

1. Site selection

2. Subsurface construction and

commissioning of respository

3. Waste emplacement into

the repository

4. Monitoring phase

5. Closure / post operation phase

Stage

Stage

Stage

Stage

Stage

2031

2050

2080

2090 ?

2099 ?
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Phases of 1. stage (optimistic until 2031)

1. Site selection procedureStage

Determinati

on of 

regions for 

surface 

exploration 

(§ 14 

StandAG)

Decision on 

subsurface 

exploration 

and 

exploratory 

programme

s (§ 17 

StandAG),

Subsurface 

exploration 

(§ 18 

StandAG), 

final 

comparison 

of sites 

Phase (3)Phase (1)Phase (2)

2017 2020 2024 2031
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Phases of the 1. stage (realistic)

1. Site selection procedureStage

Determinati

on of 

regions for 

surface 

exploration 

(§ 14 

StandAG)

Decision on 

subsurface 

exploration 

and 

exploratory 

programme

s (§ 17 

StandAG),

Subsurface

exploration

(§ 18 

StandAG), 

final 

comparison

of sites

Phase (3)Phase (1)Phase (2)

2017 2020 2024 2031

Determination of regions 

for surface exploration 

(§ 14 StandAG)

Decision on 

subsurface 

exploration and 

exploratory 

programmes

(§ 17 

StandAG),

Subsurface exploration (§ 18 

StandAG), final comparison of 

sites

Phase (3)Phase (1) Phase (2)

2017 2026 2038
2056
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Conclusion:

the three principal aims

 maximum safety during the entire process and 

for the sealed repository

 the widest possible participation of the public 

and the design of the entire process as a self-

questioning system

 the shortest possible duration of the procedure

…. Cannot be achieved simultaneously
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Research:
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National funding
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BMWi

Research for nuclear safety

• Reactor safety research

• Disposal and repository research

• Radiation research
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BMBF

FORKA - Forschung für den Rückbau kerntechnischer 

Anlagen“ durch das Bundesministerium für Bildung und 

Forschung (BMBF) 

Aktuelle Änderung 

https://www.bmbf.de/foerderungen/bekanntmachung-

1872.html

IV. In Nummer 5 werden die Absätze 6 bis 16 

gestrichen und folgende Sätze angefügt:

Für die projektgeförderte Forschung und Entwicklung 

zu Stilllegung und Rückbau kerntechnischer Anlagen 

stehen rund 6 bis 8 Millionen Euro Projektfördermittel 

pro Jahr zur Verfügung.

https://www.bmbf.de/foerderungen/bekanntmachung-1872.html
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European Joint Programme (EJP) in the field of 

Radioactive Waste Management and Disposal 

(RWMD) 

http://www.joprad.eu/

The Joint Programme will support the implementation of the Waste 
Directive (2011/70/EURATOM) in EU Member-States, taking into 

account the various stages of advancement of national programme. 
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IGD-TP Implementing Geological Disposal of Radioactive Waste

Technology Platform Strategic Research Agenda 2011
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EU Funding
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The simple truth ? 

( Ministries / EU )

Proposer
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… not primarily a technical problem ?

B. GRAMBOW (CNRS) 
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What to consider
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What to consider
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What to consider
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The interdisciplinary project ENTRIA

02S9082A

02S9082B

02S9082C

02S9082D

02S9082E

13 universities and research centers (Germany, Switzerland)

70 scientists



Page 93Clemens Walther, IRS, Leibniz Universität Hannover

ENTRIA Partners

 13 departments from German universities and national laboratories

one partner from Switzerland, 70 scientists

 Disciplines represented

 Physics

 Mathematics

 Chemistry

 Radiation Protection

 Geology

 Civil engineering

 Repository research

 Philosophy

 Law

 Social sciences

 Political sciences

 Technology assessment

 Project stucture designed to foster interdisciplinarity
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Vertical Project 

5:

Final Disposal 

in Deep 

Geological 

Formations 

without any 

Arrangements 

for Retrieval

Vertical Project 

6: 

Disposal in 

Deep 

Geological 

Formations 

with 

Arrangements 

for Monitoring 

and Retrieval

Vertical Project 

7:

Surface 

Storage

Transversal Project 1: Synthesis, Coordination and 
Communication

Transversal Project 2: Technology Assesment and 
Governance

Transversal Project 4: Interdisciplinary Risk Research

Transversal Project 3: Ethical and Moral Justification,
Legal Prerequisites and Implications

Advisory

Board

Professionals

Expert

Committees

Institutions

Politicians

Interested

Public
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