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Meet the presenter GE

Prof. Christophe POINSSOT has been working at CEA (The French Alternative Energies and Atomic
Energy Commission) for more than 25 years in fuel cycle R&D. He is currently heading the
Research Department on Mining and Fuel Recycling Processes (DMRC), where he is in charge
of developing actinides recycling processes and operating the Atalante hot-lab facility. He is also a
CEA international expert in actinides chemistry and professor in nuclear chemistry at INSTN.

He graduated from the Ecole Normale Supérieure de Paris. He obtained his PhD in Material Science
in 1997 from the University Pierre & Marie Curie (Paris) and his Habilitation Degree in Chemistry in
2007. He first worked during 15 years on the French geological disposal program. He launched in
1998 and coordinated the French research program on spent nuclear fuel long-term evolution in
storage and disposal. In 2003, he took the responsibility of the Service for the Studies of
radionuclides behaviorat the CEA Saclay where he also coordinated the CEA research on geological
repository, including the contribution to the underground research experiments. In 2008, he joined
the CEA Marcoule where he was successively the deputy head, then the head of the Radiochemistry
and Processes Department in charge of the Atalante operation and the development of the
reprocessing processes. His responsibility is extended to the whole recycling activities with the
creation in 2017 of the DMRC department.

Dr. Poinssot has long been involved in teaching, currently on nuclear fuel cycle strategy in several
chemical engineering schools and universities in France. He is the (co)author of more than 50
scientific papers and 100 oral communications in international conferences. He has been
decorated as “Chevalier des Palmes Académiques” in 2016 and was awarded the Roger Van
Geen Chair by SCK-CEN, FNRS and FNO in 2017.
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Introduction: from the energy transition to the sustainability
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Conclusion: the rationale of future fuel cycles

This presentation has been given in Bruxelles on November 20" 2017 as the
introduction lecture of the R.Van Geen Chair Award (SCK-CEN & FNRS/FNO)




1. INTRODUCTION: The Energy Transition (1/3) GE@
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The Energy Transition (2/3)
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The Energy Transition (3/3) GE@HTIE[‘HEHQH&I
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Nuclear energy is promising ... GE@ nfernational

Energy transition ... will require energy technologies that are power dense and

capable of scaling to many tens of TWh ... Most forms of renewable energy are, Ei;;”nﬁiftfgsf
unfortunately, incapable of doing so ... Nuclear fission today represents the only 2015

present-day zero-carbon technology ... able to meet ...

Technically, nuclear power could seem to be the most promising energy, but ...

Favorability to Nuclear Energy by Level of Feeling Informed about Nuclear Energy
Spring 2016

W Strongly favor Somewhat favor “ Somewhat oppose ™ Strongly oppose ™ Don't know

‘ Bisconti Research
Somewhat well informed (42%) - 51 13 - Opinion survey for
the Nuclear Energy

Not too well informed (26%) - 49 30 - Institute (NEI), 2016
W——— » [E

0% 25% 50% 75% 100%

Due to lack of knowledge, nuclear energy is seriously questioned ... !



The sole technical approach is not sufficient =
need for a more global and systemic approach

GE International
Forum-

« 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)

Eﬁ%iqgccohnacneég ; Z Baseline for technolog * Predictable, stable
Y S y .
Overall Footprint ;S = development e R )
#¥ =» Can nuclear cost
b ‘ * Economic stability
© How to improve SUIEtgh) 9 © How to improve | through energetic
- ngn ? )
environmental sustainable and affordability" independence
footprint? how? }
« GHG-free energy E‘gg%og ergzg"gg ! {'(fg& “Highest level of safety
* Preservation of natural resource and reliability
* Reduce and manage ultimate waste l Consensual choice of the
* Low environmental footprint ® How 10 improve society
¢ b'I'F; - *Promote the international
acceptability” stability

Main trends will be depicted in the following




Chap.I: Environmental drivers GE@ niemations

©® Reduce GHG emissions

» Nuclear is already very beneficial
' Emissions mainly come from infrastructures

I The longer their lifetime, the shorter their emissions www.electiiCIRIEP ol
12 Nov17 —-17h00
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Emissions (gC0,eq/KWh)
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2014 o
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Environmental drivers GE@ International
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® Preserve natural resource

» Natural U is a limited resource
m Although present everywhere, U-ores of reasonable economic interest are limited (260$/kg U)
B Minimum lifespan ~135 years (with current consumption 56kt/y)
I Need for preserving U-resource

» Global efficiency is currently very low: ~0.7%

I ~70t from the initial ~9500t Uore deploted U 430 TWh
. . ) (0.2-0.5% 235U) ©
Lifespan derived from Reserve/Production 8300t/a
(BP statistical review 2017, NEA red book 2016)

180
160 :
140 Uranium <
w
100 ~9500t/a | 1200t/a 1200t/a | ™°¢
80 / (Once-through) /
" 56t/a 235U ~9t/a #>°U
0 — Ay~ T0a —| 3444 Pu

U resource coal Efficiency~0.7% ~55t/a  FP+AM

=» Need for improving U-efficiency 1



Saving the natural resource < recycling the actinides GE@ International
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93.0% 238y  0,76% ©ddPy
0.75% 235U h 0,41% evenPy

0.54% 235U

Uranlum ore
FP 4.55%

"j

Depleted 0
o " £ 95% 1% MOX fuels

uranium 10-15/a

—m el

Per
ERU Enriched Rep. U fuels HLW
Recycllng plants

/\ 7 o

La Hague A MELOX

AREVA

>33 000 tHM reprocessed >2 500 tHM of MOX fuel produced

- 10 to 15% of French electricity yearly supplied by recycled materials
- ~1500t uranium ore yearly preserved

- No significant spent nuclear fuel interim storage < significant reduction of risk "




The basis of spent nuclear fuel recycling processes: GE@ wemmnm

the PUREX a

ﬂl’he Plutonium Uranium Reduction Extraction Process )
PUREX

Anderson & Asprey, Univ.Chicago, 1947
US Patent 2924506

oproach -orum-

Extractant

Glen Seaborg's Metallurgical Laboratory )

Spent nuclear
fuels

: : ® Separation of -
O Dissolution ‘ Uranium
in nitric acid } » eler:\eecr;tsl(t;é be} Plutonium
Fission products
Minor actinides
W\ Y Condition: [G)Conversion
: ': onditioning Fabrication
Metallic by vitrification
waste

| | Vitrified
i waste

12
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» PUREX separation process

I Based on the

== Selective U(VI) and Pu(lV) extraction by tri-n-
butyl phosphate (TBP)

Solvent extraction
separation process

Extracting , . :
molecule Selective = U/Pu separation based on Pu(IV) reduction by
recycled and extracting .U(IV_) and hydrazinium nitrate
easily burnable . molecule ® High yields of recovery (>99.9%) and
) purification versus MA and fission products
UO,” +2NO, +2TBP < UQ,(NO,),, 2 TBP (DF > 107)

== Capacity to produce Pu nuclear-grade for MOX
fuel fabrication, and clean U for ERU fuels

@ Continuous and robust process
EMn B Demonstrated to produce low amount of
R secondary waste thanks to extractant
e N 0 (g DR recycling
It Capacity to treat various types of irradiated
fuels (UOX, MOX, RTR...)

acid  molecule Il Relative low supply and operating cost 13




Improving further resource preservation = Pu- GE@“‘H““-’L“O‘W
multirecycling for transforming 43U Forum-

Multirecycling limited »  GEN4 systems
2 I :
by “"Pu buildup using fast neutron
/2%32* 0-fission/ G capture 8 FR MOx (450 1)
5,00 Used MOXx
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With current reactors With fast neutron reactors

50 Gtoe

Very significant

1GWe ~
150t U, Jy

Improvement of
natural uranium

1GWe ~
1t U, .Y

efficiency

U=6% world energy potential U=90% world energy potential 14




The beneficial long-term impact of recycling (1/2)

With recycling

pg S
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Envmnmem

© Reduce waste impact

0 A much higher durability
Better long-term confinement

properties

= Higher robustness to changing

environmental condition

Tailored for
confining

_ 2 - Diffusion
p m H,0O
g 3 - Gel
% Gel dii;:)Iuﬂon
;} Ii—— > Solution
Na', B +)(
g 1 - Hydration 4 - Secondary

phase precipitation

slow RN release due to low alteration rate,

potential resuming with secondary phases
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Without recycling

KWh

Instant release

H,O of mobile RN
5generation of oxidant; 2-10%

by water radiolysis (2-10%)
H,0,, OH°, HO,®,

@ Oxidation by
radiolytic oxidants

@ dissolution

UV + RN

4—J O precipitation of second.

@ Corrosion by aq. specie

@ Chemical dissolution

Modified from Bruno et al. (2003),
Poinssot et al. (2006)

Early release of RN which increases with
time, strong influence of redox conditions”



The beneficial long-term impact of recycling (2/2) GE@ International
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Improve the environmental footprint

O Life Cycle Assessment

- From cradle to grave
- Adedicated tool "Nuclear Energy Life Cycle
Assessment Simulation" (NELCAS) has

GE International
Forum-

® French case
- Whole fuel cycle available, including recycling
activities
- Large database thanks to TSN annual

Y .
0. Reduce been developed (Poinssot et al., 2014) environmental reports
environmental
fo Otpri nt Flama"v;"s. =.=.. No%e.:-s:miﬁ::aﬂenom
L. o e
- Design - Construction
- Feed-back » - Deconstruction ,
- Extrapolation - Transport Relevant
Annual TSN - Energy and N EL CAS en_VIr(_)nmentaI
reports » materials streams Indicators
Feedback - Release / Withdr. ’ (Poinssot et al., Energy, 2014) 17
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Selection of key environmental indicators GE@miemaﬂonal

- Generic indicators used in any LCA study
- Maximum potential impact indicators (underlined)

Human and Atmospheric release:
environmental - GHG (gCO,/KWh)
toxicity - SOx (gSO2/KWh)

P e Z NOx (gNO,/KWh)
POCP
(mgC,H,./KWh)

: ater withdrawal and
consumption
(L/IMWHh)

Chemical release
(mg/KWh)

Land use
(m?/GWh)

- Technological
waste (kg/KWh)
- Radioactive waste
(m3/KWh)

Eutrophication
mgPO,./KWh

ontact nappe/cours d'eau

Contact nappe/sol
18



The French reference fuel cycle

GEH

Reference = 2010 P . UOX fuel
' UOX manufacturing 1053 t/y Electrical
U enriched
1053 t/y power
: 410 TWhe
Reactors W
- Spent fuel 58 reactors
F— MELOX .
& == | Enrichment 1173 tfy on 19 sites
) . U depleted
Pierrelatte 109.5 t/y Decay storage

U natural
8247 t/y

U depleted
7085 t/y

Storage

- Spent fuel
s 1050 t/y

a Ha_Z;ue

Spent fuel
123 t/a

Reprocessing

Conversion —
Ureprocessed
Malvési 600 t/y
U natural f Ureprocessed
7647 t/y 390t/y
Purification Storage

glass: 149m3/y
Compacted waste: 189 m3
Techno waste: 275 m3/v

Storage

INternationa
Forum®
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Forum=
Environmental indicators normalised to the value calculated by NELCAS for the nuclear energy

Results for the current fuel cycle GE@ nternational

 1,E+04
1,E+03 B Coal mOil/Gas mPV mHydro mWind

Worse
footprint |
than NE 1,E+01
-l iero0-
1,E-01

Better
footprint e
than NE 1,E-03

Nuclear energy is within the top-3 for most of the indicators =



Contribution of the different fuel cycle steps to the

overall footprint

GE International
| Forum-

100%
20%
80% -
70% -
60% -
50% -
40%
30% -
20% -
10% -

0%

Impact of front-end activities >> impact of back-end activities

A Environmental footprint < reducing front-end impact or significance

BACK-END

= Geological repository

m MOX fabrication

= Reprocessing

= Reactors

= UOX fabrication
Enrichment

m Conversion

= Mining

RONT-ENLC

21




Reducing the front-end significance thanks to

actinides recycling GE@

Data from Poinssot et al. (2014) & Serp et al. (2017)
OTC ) TTC — Pu-multirecycling

SNF as a waste MOX in LWR FNR MOX
[ |
1,2 | |
1 ] —_7_ —_— i
B .\\ — Water withdrawal
0’8 R | - atc = nsumptlon
~y Technological waste
0,6
GHG emissions
0,4
Recycling . Eutrophication
0,2 N
| ‘ Atmosphenc pollution
0 1 Human t Soil acidification
\ 4 ' \ 4 | : ' f Water pollution
Once-Through Cycle Twice-Through Cycle Mixed EPR-SFR fleet SFR fleet

Much higher impact of front-end - Recycling yields to
than back-end activities improving the footprint

International
Forum-
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What about the radioactive release?

100%

90% -
80% -
70% -
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I Storage

MOX fabrication
B Reprocessing
B Reactors
m UOX fabrication
M Enrichment
H Conversion

H Mining

Evolution of
the radioactive
release with
the recycling
implementation

lower in the
closed fuel cycle

rare gases emissions
tritium emissions

radon emissions

other gaseous RN release

liquid tritium release

liquid other RN release

lower in the
open fuel cycle

‘\,000’0 .‘ngn ok ‘:ool“&(pe’ux‘pg‘nqspoi“f)@kg@%
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» Recycling is a significant contributor to
radioactive releases

» Increased releases due to the recycling

plants:
B Atmospheric releases: 8°Kr, 14C, 129]
W Liquid releases: mainly SH

» However, their actual impact is demonstrated

to be negligible:
B 17-24 uSvlyr for the most exposed population
I ~1% natural radioactivity

W 3H (gaz)
14C (gaz)

Ol (ga2)

0 85KTr (gaz)

150

Total 24,7 uSv (agriculteur) 23




Chap.ll: Societal drivers GE@MW-W
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® Improve safety | » Independent and skilled safety authorities

» Safety of reactors: towards GEN3
! Decrease of core fusion probabiliy

I Avoid any RN release preventing the population
evacuation:

B Example of EPR

Opinion survey
(IRSN, 2014)

lack of
transparency
;18%

nuclear
accidents;
40%

1:1000 000 - - i — R s U .

\ Four redundant

Water reserves inside safety systems

the containment

facility
vulnerability;
= before TMI '
20% g | .
= | Main EPR Safety Features
5 Upgrade:
nu|:Iea|ro = ' , Double containment with Melt core
waste; 20% < ' ventilation and filtration cooling area
Q \
= ! * o / Containment heat
@ ! : .  INSAG-12 Upgrade i dispersion system
E 1100000 oo oWmintusERE. ¥ and Evolution - il )
3 , KKM | | ' N b= |
o | BiblisBe® | i -
o ' L
]
k=
=
E
o
o
<
o

1---r-'+--_i__',.__

i Present limit :pf reliable predliction

1:10 000 000

Courtesyl of JM.Cavedon |
1980 : 1990 = 2000 = 2010

24

Quelle - IAEA, 1993




Towards a phenomenological and robust approach of GE@

=

~

Processes

Safety of the

hiernationa
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process

to predictive

O From empirical correlations

phenomenological simulations

® From procedure-
based to simulation-
based piloting

MT*+m X +nLSMX,L,

Organic phase

V" o

Agueous phaa

MY (™ y)+ f

Qreaction
Extraction (5
by ext
solvatation

» Need for predictive simulation

codes (eg. PAREX, © CEA)

B Thermodynamic
description of reactions

B Kinetics rate
I Heat exchanges
B Simplified hydrodynamics

Multi-scale approach

1012

Nuclei &
electrons 1
1

s ,
Atoms, lons in a |

103 s

10°s 10%s !
Continuous

. . | .
molecules &ions | continuous solvent 1 distribution Mean distributrion

1
1
1
|
© Determination

Millan Mayer effective
potentials = lon pairs (§§
potentlals

Moleculr Dynamlcs
(Explicit solvent)

1 ermoaynamics,

Iny 1+
Activity otic m
Experimental Retult

b-a

of Mac

coefficient coeff cient

&% | (@ Calculations of [
$0| BIMSAmodels |
parameters
7 (charges, diameters, L—

(3] Calcdlétions of
osmotic coefficients
25

Coarse Graining
(implicit solvent)

Apermitivity, K
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lack of
transparency
; 18%

facility
vulnerability;
20%

EU survey on nuclear
perception (2008)
100%
90%

11% 11%
80%
70%
60%
50%
62%

40%
30%
20% 44%
10%

0%

without with solution
solution

in favor mopposed mdon't know

nuclear
waste; 20%

nuclear
accidents;

40%
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Improve waste management GE@ nternational

® Improve waste management

»Waste Is severely questioned by public opinion

I Nuclear waste seen as Achille's heel of nuclear energy, mainly due
to very long lifetime

I Main concern = waste lifetime. Any reduction could help to

Improve acceptability. Could we reduce waste lifetime back within
Human History?

Past +——+—+—+—+—+—+—+—+— 7
108 100 10° 100 -'

Earth  Dinosaurs Cro=Magnon WWII
formation 1st Human Carlus Magnus
beings
Billions... Millions... Thousands... Years
Future —H——+—+—+——F+—"~1—"1
109 106 103 100
40K 235(J 129] 185Cg 79Ge2%Py  14C  241Am 197Cs

26




Recycling the minor actinides, a potential contribution GE@ P_wtemational
-Qrum®

radiotoxicity (Sv/TWhe)

1,E+09

1,E+08

1,407

1,E+06

1,E+05

1,E+04

1,E+03

for decreasing the waste burden

» Beyond plutonium, waste toxicity dominated by

~SaJoul minor actinides MA (Am+Cm)
\ I Recycling MA <~ decrease waste lifetime and toxicity

I N activity & N heatpower = denser repository =
repository preservation!

» In a long term nuclear energy system, MA could
subsequently be transmuted in FNR

> ADS Is also an alternative if no FNR is available

10 100 1000 10000 100000 1000000
Time (years)
Homogeneous Heterogeneous
recycling U Ffp SR Ffp recycling
= grouped T T | | = enhanced
recycling =>» I 5 partitioning =>»
GANEX T - DIAMEX/SANEX

processes Reactor core processes
27



The rationale of the various

<
c

v

> FP

[

U PuMA

GANEX 2

1

Pu Np Am Cm

[

DIrocesses GE International
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An(lll) + Ln(ll) An(lI/Ln(lI)
coextraction +—p  Separation —— A Cm
(DIAMEX) (SANEX) 1990's
T Up to 2005

COEX

A-' U Product

Homogeneous recycling

= grouped separation
GANEX

»

An(lll) selective Am. Cm
Stripping Am Cm
(DIAMEX/SANEX) 2008
Am selective Am
Stripping Am
(EXAm) 2010
U
Heterogeneous recycling m TH FP
= enhanced partitioning AAVAT]
DIAMEX/SANEX U Pu

28




Synthesis on the beneficial impact of recycling GE@wemaﬂonm

on waste management o
(Pu + MA) Multi- 1¢¢ Pu Mono- Without
recycling | recycling  gpent | recycling

103 —
| nuclear

S O waste toxicity and
> . .
g lifetime reduced
S
©
T o 2 g
vE 3 ™ ® Very strong reduction
co " of HLW volume
L >
B 8 1,4
E = 1,2 - ILW .
© Preservation of
1 ume )
08 - repository re-source
06 Surface ¥ < lifespan 7

04 ‘ HLW Volume ¥ < cost ¥

" o

0 |
(Pu,Am)- Pu- twice-through once-through 29
recycling  myltirecycling

Relative environmental infidactor by
comparison to OTC



Chap.lll: economic drivers GE@ ntemations

Economic optimization is already at the root of R&D for industry

® Ensure affordable costs

O Stable & predictable cost

» Recycling decreases the dependence to » Back-end of the fuel cycle has a
U market (price, availability, volatility ...) limited influence on the KWh cost
I Possibility of using U, and U, available
stockpile with FNR operations;

21%

I Significant extension of U reserve

Once-through cycle

5 200 \ w'ce-tl'\rough cycle
o Multi-recycling cycle
%’ 160 ¥ i . U ore; 7,20%
O - With Investment;
~ 120 recycling oL enr_:,c'z];:nt;
= 1tlyr of 28U is '
© 80 . s -
g & sufficient to produce e
- 0 , 1 GWe _
/ repository; fabrication;
0,14% conversion; 1,98% 30

0,54%

UNGG PWR EPR FNR
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Towards advanced more cost-effective separation GE@ Infernational
processes {

© Towards simpler processes

Pu, U, FP, MA 2nd U purification cycle |,

TBP —>)

l e FP Np <«—

TBP —)

FP 1st UPu purification cycle Pu+U

MA

u

TBP —>

2nd Py+U purification cycle
e PP <«

|—>Pu+U

FP

MA

PR

Pu, U, FP, MA

U
U-Pu purification cycle
Pu-U

» Nuclear industry is young and complex =»
rooms for improvements ...

» EX. for recycling: development of a simpler
U/Pu L/L separation process liable for treating
Pu-rich fuels

I Typically, single-cycle + redox-free

I Objectives: capability to treat LWR and FNR MOX
fuels without dilution with UOX
== Av0id any use of redox reagents for U/Pu separation

== Maintain a high level of safety for Pu multirecycling
conditions

It Capacity to reach the requested performance in a
single workshop instead of 3 = significant investment
and operation costs savings -
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The rationale of future NFC in view of sustainability GE@ niemational

Main incentives

1980

_I&III Pu-monorecycling

2050 2100

|
S INCREASING SUSTAINABILITY

Dates are purely indicative

Pu-mono-recycling
- Twice-Through Cycle
- LWR reactors

Pu multi-recycling Gen.IV "'_

- Multi-Through Cycle

- Pu-recycling in MOX fuel : .
, - Fast-Neutron Reactors (FR) Pu+MA multi-recycling
- Pumulti-recycling - Fast Neutrons Reactors (FR)
- Pu multi-recycling
’ - MA burning
q
Breakthrough = reactors Breakthrough = cycles

18t step towards U
resource saving
Efficient waste
conditioning

Main incentives

Main incentives
Decrease of waste burden,

- Optimisation of the repository
- Public acceptance

- Major resource saving
- Energetic independence

- Economic stability 32




Conclusion GE@ ntemational

i Forum~
» Sustainability is an efficient framework for deriving a robust roadmap
for future nuclear fuel systems
I implies considering non-technical societal wishes in the overall balance
B Overall trade-off between economic, environmental and societal drivers
I Require indicators or figures or merit for enlightening the respective benefit
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