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OUTLOOK

1. What means referring to sustainability?

2. Environmental drivers: preserving the natural
resource

3. Societal drivers: improving the social acceptance

4. Conclusion: the rationale of the future fuel cycles
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About the rationale for a new energy mix
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Sustainability requires
a new energy mix 

based on carbon-free 
energies
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Towards sustainable future energy systems

�

« Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs.(…) »

(Bruntland's commission, 1987)

• ���� ���
����!�
• "�����#�����
� 
�������
��������
• $�	
��#����������
 ���%����

• "��
��������
������
��

������

����!�
����
• &�������
���������
�����!�
����!����


��
�%��
����

• ��!����
��#��
� 
�� ���
��

�����������
• '���������
������
� 
���
�������
• "������
���
�������������
���������

3 main drivers to consider
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���� Environmental drivers: 
preserving the natural resource

� Very low carbon footprint
� Uranium conventional resource

Limited for the far-future at a 
reasonable price (130$/kg U)
Lifespan ~1-2 centuries 
(current consumption 75kt/y)

� However, global efficiency is
currently very low: ~0.7% 

Only ~70t from the initial 
~9500t of U is effectively used

� Need for increasing the 
sustainability

Preserving U resource for 
future generations
Limiting the front-end activities

�

Uranium 
ore

~9500t

depleted U
(0.2 – 0.5% 235U)

8300t

1200t 1200t

430 TWhe

Spent
fuel

~9t            235U
~1122t 236+238U
~14t            Pu
~55t     FP+AM

56t     235U
1144t 238U

(Once-through)

Rough estimates derived from French Fuel cycle assuming no recycling

D( )*��
&  �������)�+*,

(NEA 2008)

(derived from EDF, 2009)
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Saving natural resource ���� recycling Actinides

� Spent nuclear fuel is not a waste
Mainly contains actinides that can be
used to produce electricity

In PWR, fissile 235U, 239Pu
In FNR, fissile + fertile

Saving natural resource � recycling
valuable actinides

� Increase of SNF inventory in 
storage is a current and 
significant risk

Up to now, only ~30% of discharged
SNF worldwide has been 
reprocessed (~90 000tHM) 
Most of SNF is currently stored

Pool � dry storage

FP 4.55%

93.0% 238U
0.75% 235U
0.54% 236U

0,76% oddPu
0,41% evenPu
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1st step towards sustainability: the Pu mono-recycling

�

� Allows saving 17% of U resource
� Allows efficient conditioning of HLW

Nuclear glass lifetime demonstrated to be
> 500ky in repository

� Allows a significant decrease of waste
burden:

No Pu in waste anymore
Lifetime / radiotoxicity decreased by one 
order of magnitude
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99,9% of Pu
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Beneficial effect on repository performance

� A major difference between both
IRF is a significant penality for SNF

In particular for any incidental scenario 
where wasteform is of great significance

Performance of the SNF matrix can be
significantly altered if it becomes oxidising

Spent nuclear fuel 
(considering solubility-controlled dissolution) Nuclear glass

IRF penality

'
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Beneficial effect for the overall environmental
footprint

(

� Improvement of the 
global environmental
footprint

Results from LCA

� Sole indicators to 
increase are the RN 
releases

No significant impact

Evolution from OTC to TTC

/9:�

�; '��7 4

Satm=6µSv/yr
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���� Increasing efficiency requires shifting
towards fast neutrons

� Current PWR reactors do not allow an 
efficient Pu multi-recycling

Increase of non-fissile even Pu isotopes, 
Low consumption of U through captures

� Neutrons with higher energies allow a 
better use of U and Pu

	 neutron capture by 238U � 239Pu
	 fission of every Pu isotopes � 
 MA 
inventory (=waste)

� Fast neutron reactors allow
Multi-recycling of Pu 
The use of the depleted U stockpile

Theoretically, no need for additional 
natural U resource � 
 front-end

� Very significant increase of efficiency: 
from 0.7 to > 80%

ssss fission /ssss capture

��

LWR
FNR

0

40

80

120

160

200

Gen 1 Gen 2 Gen 3 Gen4

T
on

ne
s 

U
na

t/G
W

e-
an

sans recyclage
avec recyclage

UNGG PWR EPR

160

U
 n

at
(t

) 
/ G

W
e.

ye
ar

200

50

120

80

40

FNR

<���

��������!

1t/yr of 238U is sufficient to produce 1 GWe

Once-through cycle
Twice-through cycle

Multi-recycling cycle



Nuclear Energy Division
RadioChemistry & Processes Department

��������	�
���
�������
��
������
�������
�������
����������
�������� ��
�
����

� Progressive introduction of FNR allows the multi-recycling of Pu

� Feasibility of LWR + FR MOX fuels reprocessing already demonstrated
� R&D to adapt the processes to the specificity of FNR fuels

2nd step towards sustainability: 
the stepwise development of 4 th generation fuel cycle

��

U and Pu multi-
recycling in a 
full FR fleet

( principle values, 
self-balanced fleet, 60 

GW/y)

450t

40t

40t

90t
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���� The societal drivers: Improving the social acceptance

� First: safety has to be kept at the 
highest level

� Second: waste long-term
management is not convincing for 
part of the public opinion

Nuclear waste = Achille's heel of 
nuclear energy (due to lifetime)
Decreasing the waste lifetime may
improve the social acceptance

� Recycling Pu already yields a very
significant benefit

� Further improvement requires the 
recycling the MAs

� 

Eurobarometer 2008: % of EU citizens supporting nuclear energy
with/without a permanent and safe solution for the HLW

Without With
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Recycling the minor actinides, 
a potential contribution for decreasing the waste b urden

� Allows decreasing the waste 
lifetime and toxicity

� Allows the stabilization of the 
MA inventory in the whole fuel 
cycle

� Allows the preservation of the 
valuable repository resource


 of the heat load � 	
density of the repository 

With Am recycling, reduction of 
the repository volume by a 
factor up to 8

Very significant increase of 
the repository "lifespan"

�!

HLW: 1200 haHLW: 160 ha
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Two main Minor Actinide recycling options

T

U

U Pu AM

FP

Grouped recycling

T
MA

U Pu

FP

Heterogeneous recycling

U

Homogeneous recycling �
grouped recycling �
GANEX processes

Heterogeneous recycling �
enhanced partitioning �

DIAMEX/SANEX processes

Moderated core target 
or blanket in periphery 

of the core with MA 
content ~10-20%

MA concentration 
~1%, diluted in 

standard fuel in the 
whole core
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Specific extraction processes have been developed and qualified
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The rationale of the various MA separation processe s

U Product
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Recycling the sole Am through the EXAm process
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with hot test 
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The rationale of future 
nuclear fuel cycles in view of sustainability

Gen. II & III

1980 2000 2200 2040 2060 2080 2100 

Gen. IV

…+ MA recycling
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TOWARDS INCREASING SUSTAINABILITY
Dates are purely indicative

Breakthrough=reactors

Breakthrough=cycle
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Conclusion: on the sustainability of fuel cycles …

� Sustainability of current fuel cycles can be
strongly improved by recycling the actinides

Preserve the uranium resource for future 
generations

Twice-through cycle is beneficial first step
already allows saving 17% natural uranium
For a similar economic cost
With a positive impact in terms of waste
volume, lifetime and long-term performances 
and environmental footprint

� Further Improvement would require
Improving uranium resource preservation

Use of 238U through Pu-multi-recycling in FNR, 
Reduced need for any U-mining activities

Decreasing waste burden towards future 
generations

Minor actinides transmutation

�'

3rd step: MA recycling to 
decrease burden to 

future generations and 
increase acceptance

1st and 2nd step: Pu recycling
to increase natural resource
saving and promote stable 

and predictable energy costs

Recycling the actinides is the cornerstone of any susta inable fuel cycle!


