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Coated-Particle Fuels are Under
Development for the NGNP (GEN 1V)

e Durable fuel form for HTGRs/AHTRs that
support

— High-temperature operations with high efficiency

— HT processes (e.g. H, production)

— Much higher burn-up than LWRs
e Initial higher enrichment
e Outperforms metal-clad fuels

e Excellent characteristics for transmutation
and Pu-burning reactors
— Supports deep-burn strategy
— Neutron transparent
— Supports full Pu or MOX core
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Configuration of HTGR/AHTR Fuels

—General Description—

e Fuel construction begins with

Outer Pyrolytic Carbon
small kernels

Silicon Carbide

Inner Pyrolytic Carbon

e Coatings are applied for
fission product containment

e Coated particles are mixed
with a carbon-based mastic to -
Coated Particle

form fuel compacts (“rods”)

Porous Carbon Buffer

Fuel Kernel UCO

e The compacts are loaded into

machined graphite, prismatic
fuel elements (“blocks™)

e A large amount of carbon is
associated with a small
amount of fuel

— Unique challenges to IParticIes :
processing Compacts

Fuel Elements
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Processing of Coated Particle Fuels
—e.g. TRISO-Coated Fuels—
e Purpose is to recover
— Actinides for recycle
— Off-spec or defective fuel for recycle
— TRU actinides and long-lived FPs for transmutation

e Challenges
— Fuel particles encapsulated in inert coatings
— Little fuel material in a sea of carbon

— Alternative head-end required to separate fuel
material from graphite matrix

— Interfacing to spent LWR fuel separations, or
equivalent technology, required
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HTGR/AHTR Fuels
—Dimensions and Physical Properties—

Fuel Fuel Handling
Ciio Channel Hole Coolant
Fuel Kernel a9 Rl
Fuel S
High-Density PyC Particle =
. ﬁ _r
SiC Graphite — /
Low-Density PyC Block =

794 mm

49 mm

A

<13 mm —>{

Fuel Compact

Fuel Block

Leads to......
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HTGR/AHTR Fuels

—Composition and Material Balances—

Mass in one fuel element (kg)*
Component Complete Element Compactst Particles
Graphite 90.00 0 0
Filler C 12.14 12.14 0
Pyro C 6.89 6.89 6.89
Porous C 1.72 1.72 1.72
SiC 4.63 4.63 4.63
Fuel + FPs 5.68+1.25 5.68+1.25 5.68+1.25
TOTAL 122.317 32.31 20.17

*Assume: 20% initial
enrichment; after burn
~18% fission product
by weight and 2.5%
enriched in 235U,

OAK RIDGE NATIONAL LLABORATORY
U. S. DEPARTMENT OF ENERGY

-

¥
| St s
2

TMass of C in the compacts alone is 20.75 kg.

=\
R

UT-BATTELLE
TRISO-Coated Fuel Processing_June 15, 2004 6




Traditional Methods
—Crush-Burn-Leach—

(o Lo Lo o)

e HTGR fuel processing ca. 1970
@ — Crush
s Bloo — Burn (filler/outer carbon)

Mixture: graphite and —_ CrUSh SiC coatings

fuel particles

, — Burn (inner carbon)
CO,, Volatile FPs COZC c;e(zgtﬁl)'e w/ I . .
g — Dissolve oxides
SiC-coated fuel particles
v e Thought to have few problems
X Store CaCO,, =
oreak SIC coating et a5 ongiived — CO, disposal to atmosphere
thought acceptable pre-70s
particles w/ SiC shel o i 5
g — Readily dissolved oxide
CO,, Volatile FPs p rod u ct
giacogrlmgluf?;gments [ ] P ro b I e m s
regments | st — Large quantities of CO,
‘_ T — 14C disposal to atmosphere
W_ashlng of Pu(?\(103)i)2 ;
SIC shells yFes — Large off-gas processing
fSr;Cgrir::tls PUREX Process eq u I p m e nt
! — Capture greatly increases waste
Vieste mass and volume (e.g. CaCO,)
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Many Processing Options Identified
—From Studies on Processing Deep-Burn Fuel—

TRISO-Coated

Driver Fuel
g v v
o Excess
ore-Out Graphite N R
Crush Fuel Blocks Fuel Sticks p| Low-Level- Waste
] A Disposal
. (w or w/o crushin
Mechanical
Preparation
C/HM Separation
) 4
)
CO,, FPs CO, H,, FPs CO, H,, CO,, Xe,
* \ * \ 4 Xe, Kr \J * Kr
External C Burn Gasify Outer C H,0 Gasification, 0, Oxidation,
Outer Carbon with Steam Molten NaOH Salt Molten NaOH Salt
Removal + +
Y
Y N
Grinding to Break FPs SIFE'PSF‘" SICI;-'FSCL“ ¢
sic SiC Coating and \i / — —
! B%g:gg:liy:z” Crush Dry Fluorinate Dry Chlorinate S’:fo:i)(;sﬁ‘l::\"g _|n
Removal SiC Coating SiC Coating SiC Coating Na,CO, 3
A | | |
CO, CO,,
\ / y ERs
Solid/Liquid
- - (H,PO,) (NaOH + O,)
Milling = Separatllons SiC Destrug?ion SiC Destructié%
w/Drying |
) 4
N
CO,, FPs CO, H,, FPs
f 4 f \i
Internal C Carbon/HM Burn Inner Gasification
. - Other?
Remova| Separation (& Outer) Carbon with Steam
Slag Oxides*
Cto  J \ 4 (Actinides, FPs, etc.)
Waste i
*NOX, Kr, Xe Insolubles,
] 4 siC
Preparation ¥, | Dissolution .| solig/Liquia | Fragments Waste
for SX . (HNO;) et Separation g Disposal
* Note: the Na,SiO, may be Aqueous Actinide &
problematic for nitric acid Y FP Nitrate Solution
dissolution. Separations
Processes
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Dealing with the Carbon
in the Most Efficient Way Is Key

e Need to process about 120 kg of C to recover the
fuel (<6 kg) in each fuel element

e A mechanical head-end is needed to separate the
bulk of the C from the spent fuel

— Remove compacts from prismatic block

e Combining the C component with other elements
should be minimized

— I\I{u%h larger amount of waste for disposal (CO,, CF,, CCl,,
etc.

— Gaseous forms of C are very expensive to sequester

* Geological co-sequestration of CO, and Kr by deep-well
injection may be an economical alternative

e Two promising alternatives to crush-burn-leach
identified

— Grind-leach
— Carbochlorination
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Mechanical Head-End
—Common to Best Approaches—

e Coring to remove fuel sticks

|°| ﬁ e — Eliminates bulk of carbon

I I @Fuel Elements (graphite bIOCK)
o G Bocs — Is a demonstrated technology
i Fuel Sicks s e Limited data from a GA test
| Carbon
| Sic - =
L e e Crushing fuel sticks to remove
1 I 1
i crsting o coated fuel particles
e — May permit more separation of C
| HC — Jaw crusher and roller mills have
i been successful
T — Further development
i s _ recommended
i Cgrbon fines G ﬂg?(s) 5 -

v e Fluid energy mill
reatment System

(e (gewey  — Existing technology

— Ensures breaking SiC shells

— Has some separation capability,
to be demonstrated
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Two Promising Options Identified
—1. Aqueous Processing Option—

From Mechanical
Head-end

o Many process steps are industrial

operations
e Acid leaching of fuel and FP
carbides/oxides —
— Carbon is effectively inert foed system

n - - . A
e Multifunctional carboxylic acids

problematic only with metal
carbides (e.g. Mellitic acid)

e Carbon remains as a waste form

\J

Countercurrent
Leaching
System

| NO,, I, Kr, Xe Dissolver Off-Gas
Treatment

Nitrate S

v

Insolubles

olution, C fines,

Actinide and FP

— Will contain insoluble noble metals

— Binder used to make monolithic

Solid/Liquid
Separation

Nitrate Solution Solvent Extraction
(balance of plant)

|

v

Washing

v

Solid/Liquid

A

waste form
— Other wastes may be added
e further consolidation .

Separation

\ J

— Waste form very resistant to
leaching

Drying

\J

Binder/Filler

y

Blending/

Compacting

e Aqueous nitrate solution to
standard aqueous processing
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Two Promising Options Identified
—2. Pyroprocessing Option—

e Carbochlorination separates the
carbon and fuel components

— Small fraction oxidized to CO,

— Efficient mechanical head-end
reduces CO, production

— SIiC is destroyed
— Molten salt provides fast kinetics

— Water washing removes residual
salts

— Process development and
demonstration are required

e Carbon waste form as before

e Actinide- and FP-bearing salt to
a pyro-chemical process

— e.g. spent LWR fuel pyro-process
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NZ
feed system
Cl,
feed system

A

\ 4

Salt, Actinide and
FP Residues

@

A

\J/

Evaporation/
Drying

Molten Salt

A

Solid/Liquid
Separation

Carbon

Washing

Carbon

Condenser

\ 4

Solid/Liquid
Separation

Y Carbon

cl,, ccl,,

005 Heater (>350°C)

SiCl,, COCl,,
Cl,, etc.

Periodic Ventv

Off-Gas
‘“

N,, I, Kr,
Xe, CO,

A
COEINC)

Condenser

'3i0|4

Scrubber e
SiO,, HCI (aq)

Actinide and FPs

Fines +

Y Salt Residues

Fines +

¥ Salt Residues

Fines

Binder/Filler

Drying

 / Carbon

Fines
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Compacting

Y

Carbon Waste
Consolidation

in Molten Salt Pyroprocessing
o
(balance of plant)
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Aqueous Treatment Process

—Concept Selected for Further Study—

Prismatic Spent
Fuel Fuel Elel
|

e Harvest fuel compacts

e Process to recover fuel
— Crushing and grinding
— Optional solid-solid
separation
— Leaching with nitric acid

e Adaptation of
commercial graphite
purification process

— May require steps to
destroy carboxylic acids

— Fuel laden acid solution
routed to standard aqueous
process

— Residual carbon processed
into waste form

e Methods result in smallest
volume of carbon waste
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Dry Off-Gas
Treatment Syste

HNO,
feed system

r
|

|

|

|
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|

|

L-

ments

Core-Out
Fuel Sticks

Carbon
SiC

] A

Crushing of
Fuel Sticks

==y

Milling/Separation,
Jet-Steam

Graphite Blocks
‘

Spent Fuel

Binder/Filler

Y

Carbon Waste
Consolidation
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Fluid-Energy Carbon fines
SiC
Carbon fines
SiC
Spent Fuel
\
Countercurrent | NO,, I,, Kr, Xe i
X B0 Dissolver Off-Gas
Leewiting T I e Treatment
System
Nitrate Solution, C fines,
Insolubles
A 4 Actinide and FP
Solid/Liquid Nitrate Solutiong Mellitic Acid
Separation b Destruction
Y
Drying Solvent Extractio
(balance of plant),
+C fines, Insolubles
Blending/ A8
Compacting |
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Focus of Initial Research
—UCO Fuel Processing—

Outer Pyrolytic Carbon
Silicon Carbide

Inner Pyrolytic Carbon

Porous Carbon Buffer

Coated Particle 0

Fuel Kermel UCO

COOH
HOQC COOH

HOCC COOH
COOH
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e Dissolution of UCO fuel
— Some organic acids may form
e Known to occur with mono- or

di-carbide fuels

o Buffer carbon may contribute

in a lesser manner

— Evaluate extent of problem

e Evaluate separation of carbon
— Solution recovery
— Carry-over
— Stage efficiency

e Address organic acid problems
— Acts as a foaming agent

— May interfere with solvent
extraction

— An ozonation, or similar, step
could destroy the mellitic acid
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Summary

e Traditional processing of HTGR fuel reviewed
e New and promising alternative methods identified

e Waste reduction goals favor retaining elemental
carbon

e Two flowsheets were identified for further
development

— Aqueous based: relies on industrial carbon-processing
technology

— Pyrochemical based: relies on well-developed thermo-
chemical processes

e Selected options produce a highly inert
carbon/graphite waste form

e Potential problematic areas identified for resolution
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