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Figure ES.1: Generations of nuclear power: Time ranges correspond to the design
and the first deployments of different generations of reactors
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Gen IV System Concepts
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Neutron spectrum of GEN IV reactor concepts
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Fuel Sytem Options in GEN IV Fast Reactors

Table 1 Priority table. Items indicated in red are priority for the different fuel types.

UPuO, UPuC UPuN
GFR Priority : 3 Priority : 1 Priority : 2
100W/cm SiC+liner SiC+liner SiC+liner
Tclad 800°C 0-2-5 9% Am 0-2-5 9% Am 0-2-5 9% Am
Tfuel 1100°C >95%dth 80-85%dth vs open/closed 80-85%dth
Pu: 15-20% porosity N/M:1.0and >1.0

5% < M2C3 < 15%

LFR Priority : 1 Priority : 2
~400W/cm 0-2-5 % Am T91 316 Ti
Tclad ~500°C >95%dth 0-2-5 9% Am
Tfuel °C O/M 1,96 -1,98-2,00 80-85%dth
T91
SFR Priority : 1 Priority : 2 Priority : 3
500W/cm ODS - 15/15 ODS - 15/15 ODS - 15/15
Tclad 620°C 0-2-5 %Am 0-2-5 9% Am 0-2-5 9% Am
Tfuel 2400°C (O) | >95%dth 80-85%dth 80-85%dth
and 1400°C (C) O/M1,90-1,95-1,98
Pu: 15-20%
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GEN IV Fuel Characteristics

Reactor concept GFR SFR LFR
Power density 200 700
(MWth/m® of fuel
element)
Linear power (W/cm) C/N: 100 0O: 500
C : 500-800 idem
M: 500
Burn up (at%) 5-10 15-20 10-15
And dose 40-80 dpaSiC 200 dpa 175 dpa
Pin geometry:
- @ pellet 4.32 9.5 (2mm @ hole) idem
- @int. clad 4.95 9.73
- ®extclad 6.55 10.73
Temperature clad 850/800 537/500
infout at PPN (°C)
Max. temp. 1000 620
Fuel Carbide or nitride Oxide, carbide, or Nitride
metallic (or metallic)
Fuel temp (°C) C/N: 1100 0: 2400 idem
C: 1400

Melting temp. UPuOz2: 2740° C, UPuN : 2720° C (dissoc. ~1800° C), UPuC : 2325° C.
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GEN IV Reactor Concepts

Reactor concept GFR LFR MSR SFR SCWR VHTR
Coolant Helium Pb or Pb-Bi | Moltensalt | Sodium Supercritical Helium
water

Spectrum (F fast, F F T F T/IF T

T thermal)

Thermal efficiency (%) 48 44-50 42 44 50

Thermal power (MW) ~2400 125-3600 ~2000 1500-4000 ~3800 400-600

Power density 50 - 100 10 - 150 22 200-300 100 6-10

(MWth/m®)

Pressure (bar) 70 1 1 1 250

Temperature core 490 / 850 400/ 550 565/700 | 400/550 280 /510 640 / 1000

inlet/outlet (°C)

Fuel Carbide or Nitride, Molten salt Oxide, Oxide Oxide or
nitride Oxide (fluorides) | carbide, or | (UO,, MOX) | oxi-carbide

(or metallic) metallic
Fuel burnup (at%) 5-10 10-15 15-20 5 > 10
Fuel cycle Closed Closed Closed Closed Closed Open




GEN IV Fuel&Structural Materials

Fuel Materials

Structural Materials
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GEN IV Fuel&Structural Materials

Stroctural Materials

Swystem Spectrom, T Fuel Cladding In-core Out-of-core
GEFR Fast, 850°C M/ S4C Ceramic Refractory metals FPrimary Circwit:
and alloyvs., Ceramics, MNi-based superallovs
ODSWVessel: F-M 3223 Ce-20
Fe-12 5"W-0.05C
Mi-23Cr-18"W-0 2
CF-IvI w' thermal
barriers Turbime:
Mi-based alloys
or ODS
LFE Fast. 330°C and T High-51 F-IL. High-5i anstenitics,
Fast, B00~C Cleramics, o Cceramics, or
refractory allows refiractory alloys
MMSE Thermal. Salt Not Applicable Ceramics. refiractory High-MNo INi-base
TOO—800=C metals. High-MNo allows (e g.. IINOER-8)
Mi-base allowys
(e g . INOR-8).
Graphite. Hastellowy IV
SFER Fast, 520°C TT-Pu-Fr F-N (HTS or ODS) F-I ducts Ferritics, austenitics
(hAetal)) 31655 zrd plate
SFE Fast. 330°C IO oS F-I ducts Femritics. austenitics
(AO) 31655 grid plate
SCWE-~ Thermal, S305C I, F-MNI(12Cr, OCr. etc.) Same as cladding F-IvI
Thermal (Fe-353INi-25Cr-0_3T1) options
Incoloy 800, ODS
Inconel GO0, 625
& T1E
SCWER Fast, 330°C IO, F-IvI (12Cr. 9Cr. etc) Same as cladding F-Ivi
-Fast Drispersicn (Fe-35Mi-25Cr-0_3Ti) options
Incoloy 800, OIS
Inconel 690 & 625
WHTE Thermal, 1000 TEISO T coating and Graphites Primaaryy Circuit:
TN dm surronmdin g Py (C. SaC, ZoC Mi-based superalloys
Graphite graphite Wessel: F-hA 32Mi-25Cr-20Fe-12_5
Compacts; W0 03 CINi-23Cr-18
1T coating -0 2CF-IVI
W thermal barriers
Turbine: INi-based
allows or OLDS
Abbreviations:
F-IM: Ferritic-martensitic stainless steels (typically 9 to 12 wit®s C)
oD s: Orimide dispersion-strengthened steels (typically ferritic-martensitic)
NI (LT.Pwu)
MAC: (LT Pu)C
MO (LT Py
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SNETP pillars and IV Generation Technologies
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Fast reactors and closed loop fuel cycle
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Radiotoxicity drop with Gen IV

Radiotoxicity
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Single component radiotoxicity decay
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Reprocessing schemes and resulting waste
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Scheme 3a
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The main reprocessing methods presently used:

e Co-extraction
* New extraction
e Uranium extraction (UREX)

e Electrochemical processing



Treatment of spent fuel




Block diagram of the pyrochemical process for metal fuel
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Schematic illustration of the pyrochemical process for oxide fuel
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Electrorefining of metal fuel

Power /l Power

supply supply

|
Ar atm
Spent Solid iron
cathode
Bi
cathode

T, Pu, MA,
AL, ALF,RE j ; LiCLKCL-U/PuCl;

U &

"' 2 U, Pu, MA
U, Pu, MA, RE-5 :
{ ;r }'1\1“1% Bi pool
MA: Minor Actinides RE: Rare Earths NM: Noble Metals

AM : Alkaline Metals AEM: Alkaline Earth Metals



Electrorefining of nitride fuel

Anode Cathode

Spent
nitride fuel

Molten salt (LiCI-KCI-AnCIl;+FPCl., )
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Electroreduction of oxide fuel (USA, Japan, Korea)
(anode made of platinum wire (left) or graphite (right)

Cathode : Anode :

Actinide oxide is Oxygen or carbon

reduced to metal. oxide gas is evolved.
Spent e

oxide fuel

\

C0,/CO/0,

FPs (Cs,Sr,etc.) Molten salt
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Commercial reprocessing

"y Liquid Cd
Anocde
g
MN Spent
* nitricle fLI el
N
— o \
spent MN spent MN =
n " — \
Molten-salt N-15 Dissolution in N-15 . =
electrorefining molten salts LiCl-KCI = F’U3+
T (~773 K) MA™
MA metals/alloys | LisN
"
Nitriding in liquid alloys Molten sals |
¥ 4
—— /A —— (A
"Reference" "LINEX"
____ lproperties . Jupo, _fupc____fupNn | |

[ Density, g/cm3 11.0 13.6 14.3
P HM Density, g/cm3 9.7 12.9 13.5
| e 2775 2480 2780

Thermal conductivity, 2,9 19.6 19.8
W/mK

I PUREX compatible Yes No yes
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Electroreduction of oxide fuel
(Russian method)

Clz Cl+0+N;
B Cathode _ - —
I [ n Na;PO, 1
Pyrographite bath e
()
Nackcscl ([ | [ ®) mn U0, It
S O Putt MA
\ ):TO,I - } vo, RE
] Pu ® - —
O UOZHC\ \ Ce!
s _ w
Spent fuel
Chlorination (dissolution) U0, electrolysis PuO, precipitation Purification of melt
(650°C) (830°C) (630°C) (650°C)
Cathode: UO*+2e — UO, Pu**+0,+2Cl; - Pu0;* +Cl,

Anode : 2CrF — Cl, +2¢ Pu0,* +2Cl, - PuQ, +Cl,



Conditioning of chloride salt wastes from pyroprocesses
with different matrices

- SODALITE

L1SAP

1 MURATAITE-PYROCHLORE



SODALITE matrix

LiCI-KClI
ALSi,O,-2H,0 --- NaOH
Melting kadlifite
|

I
Heating

v
Simulated Salt Waste Nepheline Nepheline
NaAlSiO,

wising

Outline of sodalite synthesis from kaolinite through nepheline



SODALITE matrix

Kaolinite
+ NaOH

Nepheline



SODALITE matrix

Mixing and grinding of nepheline with LiCI-KCI



SODALITE matrix

Components used for labo. scale Pressureless Consolidation experiments

Alumina crucible Steel rod,

ab. 280 g
Internal vessel

|

Mix of nepheline, salt waste and glass frit
between alumina crucible and internal vessel




SAP matrix

Transparent hydrogels

Products obtained after
each of the three main
steps for preparation of
SAP matrix




SODALITE matrix

Assembly
of the components

Final consolidation
product

Assembly of the components for thermal treatment
at 925C for 7 hours




SAP matrix

Sources of Si— Al-P

TEOS,
Tetraethyl orthosilicate
or tetraethoxysilane,
Si(OCH,CH;),

Aluminum (Ill) chloride,
AICI,

Phosphoric Acid,
H,PO,



SAP matrix

Gelling agent
(Si, Al P) |

Gelation &

Ageing (55-70°C)

Preparation
of SAP matrix

Drying (110°C)
|

Heat Treatment
(600°C)

v
SAP matrix

|
v

Mixing (650-850°C) [ Salt Residue

Heat Treatment
(1000-1200°C)

Solidification
of Salt Residue

Outline of SAP synthesis by a conventional sol-gel process



MURATAITE matrix

Octahedral framework in the structure of Mu-5: arrangement of pyrochlore clustera formed by
corner sharing of TilO6 and Ti406 octahedra (a); linkage of pyrochlore clusters by Ti306
octahedra (b); whole framework as combination of linked pyrochlore clusters and murataite-
like framework formed by Ti206 and Ti506 octahedra ©; murataite-like framework (d)




Evaluation of long-term behaviour
of conditioned salt wastes

Static leaching tests up to 150 days

e Assessment of the main parameters which influence
fission products release (pH, temperature, contact time)

 Determination of the interactions between host matrix
and individual fission elements



Issues from SNETP - SRIA in fuel reprocessing g .mm
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e Advanced reprocessing for MA separation, using
hydro and pyro- metallurgical processes (UE
Projects ACSEPT -> SACSESS)

e Conversion process from separation to re-
fabrication

e Synthesys of new fuel and performance
assessment in reprocessing

* Irradiation behaviour of MA-bearing MOX and
carbide fuels, dedicated PIE programmes

e |Industrial implementation of P&T&RF
laboratories




General SRIA issues from new waste to
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* Increasing fuel burn-up, most of TRU / MA GEOLOGIC PROFILE
 Reducing FP as much as possible |

 Reducing of Pu towards non proliferation

Dewey Lake Redbeds Mudstone and Siltstone
 Improve stability of chemical and physical form e ket L vard
e  GD with more relaxed requirements in terms of

volumes and masses, easy conditioning and | Salado Formation Waste Repository Level
storage, safety and economics Cuseonites G

 Locating in depth

Sea Level Sea Level
Castile Formation Salt and Anhydrite

(=]

Bell Canyon Formation

-445m

Sous station
électrique

= Galeries existantes a fin 2007

Gorleben

Galeres creusées
W .. 03 seplembre 2009
Nota: Fensemble des galeries
du chantier 2 ont &té réaiisées




