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4) UxC LLC, Uranium Market Outlook(2024.1Q), pp 40.
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Y71E FHE AR dUs sFE ARAR] 5%E 2Het= LEU+ FdE (558
1l
a

=
Ao Ast =] LEU+3IA R 483} 7|42 2030t $-0F — 2040 ZHbo]] $44
Har 2040t ZHHLE= BEAAC] AHR LEU+ Ads I o7 e Ao oAaks
LEU+ s = 7|E 39 354 T3 5 75y 7] A4S LEU+ &332 A|st

49 Qo= dysE w7

hy3 )
B 3.

rhN

As] FAlelel Wl Bel LEU+ S A1) 3%

» HALEU (555 10—20%) A5 B4 At dxj2d] A5l HeHo=z &8 =2
T o Il A ARE AF AT JH L wEt 3] 8 A7 AAHE Re
2 A3 HALEU SA5E 9|59 Centrus AFF] o] & 7] Mwl Aok 58 &g F
& A8 2 4 2. LEU+ dAzele 2] HALEU A E 7|&E 55 Al S &8
gk Aol E7bs b7, 7189 9] 55 fehg 3uAE % v 7Fe R B S
Aol EAE wWEtA, A7) F5& 9 AP 2H7 0 588 Ae=E AW
Y719 TRISO A= A 12 dxp=el] M2 02 AME = e Y =)=

2
22X W= g Ak AAH AR Ve AR w7l s B8 AR Ve A9
AT 7les FEANE. ole AAY 1L AR AFe] 20| HIAE. Fliel= TRL
3.5 =] AR TRISO AE Ax a7]Eo] shisof glo
A Az R AR AR QIR AR of2E S FEAAEY
1710l AL JYF = T27IAR AT AR AR SEQAEAR
TFo] A Bl =l 869 AR Ajje] A=3E fldM e 85
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10-20% . Bj @8 AHMiCh HALZO] ALS
HALEU

e
=
iy

<5% 5-10% =
Ao AR % AL AE
LU EEUs HITH B+2 % F5F smroll Ab

[293-1] A8 =% BF: LEU(<5%), LEU+ (5—10%), HALEU (10—20%)

- ddg 59 FE=L AIFAE 19549 m=Fe AEC (U.S Atomic Energy
Commission)®] Hafstad®] H.irAeolA HF{st (Lawrence R. Hafstad's

Memorandum)14),
— Y BuMes v e dAgR £E dd A A Sed Al
et A7 #7 RaAR, AAA 1kt TNTS Z@es 7Fo dds 23S

Agkelar QL. HaA 2HF: “No foreign country ought to receive enough
material to make a single nuclear explosive device with a yield of one kiloton
TNT equivalent.”

— 9 HaAoA 20% TF5EE A4 31kgd] dAdn+= o]|EH o2 1kt TNTE =t

9e b g Ao A,

|
°

Dt
oo X2l rlr
o
s
rlr
[\
(e}
N
off
H
b
N

o] WA g

— LEU+ ddds5= 7IE 8] TaAksE S w5 7t e’
* ORANO (it)& 2025W% 714 6% FH8 55 $dv2 w5t 20309%7M4] 6%
ojate] Ae FF EtES T3 AFQ. Urenco (it)= LEU+ AAHS 98] w]=3}
o FF5TF QA 7F AAANE FAFA U=

14) Lawrence R. Hafstad, Research Reactors for Foreign Application (Enclosure “C”), Washington, DC,
1954, ipfmlibrary.org/haf54.pdf
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i

F3 LEU+ 95 7o F2& o7 <.
« LEU+ sIlurt vd) 94429 7% Axg d4s
S AT 5 gla. oldl, AHHel FF FEAetY] o /Aleks FaEl AR

s o] 4% Ao 3.

N
>,
)
=2
>,
M
N
L
olr
i)

— 1l DOE+ CentrusAFe] i A& 7] /S XY, 2380l 2 5= Piketon Aol
M=) - 93 HALEU#* Demonstration ProjectE FH3lF o, '23\d & HALEU
Hz2AF 9 wEel 43(2023.12.).

%9145 (High Assay Low Enriched Uranium): 5% 10~20%9 »=%$d%

=
[e)
o= 5 APRFFIHEMR)S 83 A4Ad e du= AR,

— A4 Ade Za3d LEU+ Ad 8% (Lead Test Rod, LTR) ® A& H3HA
(Lead Test Assembly, LTA) AZ o7l TS HRo=w dAard. o9,
2027-202839 = &l FFALE B3 FAAQ LEU+ 3 Aol =&Folof

13
.

¥ 2024'd0 FTRA AFSAALT A AR Vs dREdAd2Ab = 8 FaL

2. DINE HIZSS HOIT HALEU 8 NI ¢ 43 wy 24

O "Hy nATY A== Fo] ofd WAARE ALEste AAl AA=EE A
shw, 2022\ 71, A MAIF o R oF 67F 9 HASTY IARE APYEE



— WA FiFd wel AAFEIZ a4 2 (Liquid Metal—Cooled Fast Reactor,
LMFR), a27}2~v37}2 (High—Temperature Gas—Cooled Reactor, HTGR), &&
A AXF=Z (Molten Salt Reactor, MSR) 522 F&"

* A% HTGR (¢F 700°C ~ 1,000°C), LMFR (¢F 400°C ~ 550°C), MSR (¢F
550°C~700°C).

O AijHom AL Arlel wiow ARl EES FUAANL &1 FUL
=217] 9&l A A8 (Pu, TRU $)E Alefstd diF& HALEUS 3
5= AA.

— U-235 #&7F 5%~20%% &%¥ HALEUE A A4, A5 o885 S7L
A4z A5 B 2 84 Abs, ARR T Fa, w27 Fa, A2
e, WIS ADA ZoF Bl A Bn AP,

Non Light Water Reactors
Liquid Metal-Cooled High-Temperature Gas- Molten Salt Reactors Micro Reactors
Fast Reactors (LMFR) Cocled Reactors (HTGR) (MSR)
e & ) || —
F= ©) (SN (F=mc| (=T
O | s s o @
T ([(xeew )@
Eme =l
\ e ® \
[ L e —
Q [ o [E=m0
@ o =1
. J i
end: U.S. vanc or Program Fundin Alpha Tech :  Research/Test Reactor
Award Award s ) G NRC licensing review/
Bused on best available public information. Fuel sources for some reactors could not be determined.
[ZH3-2] A=A A AF F<A A HAF-E A2 HAR1

Jh SO DY HIZSH HAE 33 wol

O f7e B8, g, ouel Wad FHNL AME THoR Gt ATE 9
Aze] SAnzA HEUSR A3 gou), @3kt 94 97 2 dade
ket 913k A= HEUS HALEUR Agels Z2ZAES 318 FolH

15) Third Way, 2022 Advanced Nuclear Map : Charting a Breakout Year (2022).

16) Lucy Ashton, Fuelling the Future: Building Fuel Supply Chains for SMRs and Advanced Reactors,
Nuclear Innovations for Net Zero, IAEA Bulletin, Vol.64-3 (2023).

17) Centrus Energy, Centrus Energy Corp: Poised for Growth (2021).
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2035717 a3t oA,

HALEUTE A58 X299} WA U4 AL o]9ld APREUAE
(SMR) 9} 44t vl A48 A2 A28 = & =3 95 SAE 9 A
A2 WA & 98] 254l &% Q71 A 71 Aoz A
E3], 99 (EU)E A HALEUS F2 A ole mto A 98t ¢l
A9k XA P I cAZ EEE Fol7] fgh ks =AY,

L
T
>
—
ey
(-

of{

il
-
=
2
Lo,
iy
rlo
Jo

Hel oy AdrE 99 3
= wRissty] s HAlol 99 w9,

Annual Demand Annual Demand Annual Demand
Countr Research HALEU 2030 HALEU 2035 HALEU 2035
y Reactor (kgly) Maximum Scenario Minimum Scenario
2019 Report (kgly) (kaly)
Austria TRIGA Mark Il 0.25
Belgium BR2 60
Czechia LVR15 10
JHR 100
France
RHF 58
Germany FRM 11 20
Greece DEMOCRITOS 5
Hungary VVR M2 10 1476 1256 676
Italy TRIGA il
HOR Delft 23
Nether- T 50
lands
PALLAS 25-30
Poland MARIA 30
Romania PIETESTI 14
Targets FMo/**™Tc
Total 1256 kgly ~700 kgly

O EF, ORANO, Urenco’} Bfrslal 9l 719 ety 55 71€S 2183
o] HALEUE SA4o% 4ae 4+ g A4 g FES] TEY

il AA
o AL BuH] A =YL Aol 9l

18) Euratom Supply Agency, Securing the European Supply of 19.75% Enriched Uranium Fuel (2022).
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. o . 00506
o .00, X8 LEY SR8
Existing nuclear usos —» - O@@: . Ut . ... ~ UFe > 8000008 — U0z > l - e —*
. . L] .
supply chain e, ‘e e” "...-"

Nuclear power plants

Add-on
completing the
future nuclear

fuel chain
SMRs, GEN IV,

etc.
igher Enrichmen i uel fabrication s s
supply Advance: d Reactors,
)] RTR

ol g Fgy TF%
% MOX/TRU &4, 9=
Q EUTE HALEUS &394 9 <kgAS =o|7] &l HALEUS A=FH w|=%, &

w97 By, ATt AA 5 AAA, AH Ad=S Adsteta s

LL. Oi=9] 0¥ HIZ UZIAXIE HALEU =2

Q B. Dixon & 205049 ®AFH A]urrﬂg% g3t 18 =
MAQ[AZ XS 71 ste] HALEU 85 oS53 BuAM20Z
WX E] A]#3 ARDPOIA Al&sta 9= D¥71 AE e
ol Y4142 Natrium¥ 227FAE Xe—100 9 wjx] Alyg
H 93k HALEU &S AlLbs 23}, 20273 27 24 358 A%
Ag =4S EIsle] 2035d= 9 80 MTU/yr, 2050de= ok 520
MTU/yr¢ HALEU(19.75% U-235)7} Z Qg
205013 7]s=o 2 5,350 MTU| o]& Ao = Awst

— ARDP(Advanced Reactor Demonstration Program) : P|=+ ¢3¢} AR = 2020
FH AXYEAE AS 23 F21E& S8 79 U 8wixE s 2719 HATY

AAYDA22 Natrium (SFR)Z Xe—100 (HTGR)™ 10d~14y o] X E ¢
3t 5709 YA Z(KP—-FHR, eVinci, BWXT, SMR—160, MCFR) 2 2030dtd] =

19) https://www.orano.group.usa
20) Brent Dixon et al., Estimated HALEU Requirements for Advanced Reactors to Support a Net-Zero
Emissions Economy by 2050, INL/EXT-21-64913 (2021).
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wrel AZS 919 3719 A4 ARe A9stn gon, A 4R L Fwe w
AT AL B BaFY Adel 949 el FEAL HuH] A% =

— 20209 NEIZ} AR /s oidos A Aol As 20359 gt
HALEU 4=Q%9°] ¢F 500 MTUZ |53} o]= AAYPAZE v %] SE9F vjx] Al
Hol g23, ARAY A4y AR 275+ HALEUZF X5 %17] d&<d.

QO ARDPOIA 10~14d o] AFS& HHE o= 4709 HA5d dAzde +
7449l HALEU 3o o Aoz dista glom 2 Wz |dER
2020 FRE~2030dd] 2WH7hA] HALEUE o] &3 u|4 43 AzUx=

£ A e ERE da glo] HALEU 4+59 ZeAde Zxsta 9l
o
= .
HALEU Needs
. ¥ Reload
[ Firstcore

MT HALEU @19.75%

2020 2025 2050 2035 2040 2045 2050

[Z2¥3-5] v]ar v AF+E AXHAAZE 3% HALEU 2 A% (B. Dixon 9)

0.

O NEIZ} ml= % Aune] AXdx=z wixl& 98 283 HALEU 82 %
Abstol oS3k Atge wEW, w= ol A2 X7} ¥7E ARDP Z®
AEd HQ3s HALEUE X3ste] 2026d7F% +4 HALEU 27} 125
MTU, 2030874 700 MTU®| o1& Aoz 43

21) Nuclear Energy Institute (NEI), Establishing a High Assay Low Enriched Uranium Infrastructure for
Advanced Reactors, NEI White Paper (2022).
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Demonaagon @ ® O @

Projects
HALEU needs U.S projects with announced sites Approx. 20 MTU (2024-2027) Approx. 6 MTU/yr (starting 2028) Cumulative 30 MTU
HALEU needs 2021 NEl letter to DOE Cumulative 125 MTU Cumulative 700 MTU
DOE ® — @) @) )
Advanced A U
Nuclear Fuel Enrichment  FOA/RFP HALEU enrichment  HALEU becomes
Availability FOA/RFP award(s) comes online available
Program* * Program authorized in the Energy Act of 2020 - Progress assumes adequate funding in FY22, FY23 and out-years
Potential
Potent @ o L o
from DOE 2022 Less than 1 MTU from Centrus pilot program — potential for ~1 MTU/yr depending on funding Centrus - ~8 MTU
Sources
DOE begins processing SRS ~1 MTU annually ~4 MTU total available SRS and Scrap - ~4 MTU*
material and scrap HEU assuming becomes available i
funding starts in FY23 Total "12 M
*HALEU from DOE material may not be acceptable for use in fuel fabrication facilities or advanced reactors

L 1 1 1 1 ] ] ] ]
2022 2023 2024 2025 2026 2027 2028 2029 2030

[Z29H3-6] "]l=r U HALEU A4 o 9 A4 AH H W (NEID)

O 2018 d=45E AxAx=z 7id 5 wjxE A dst7] e & 4 B A
HoF(Nuclear Innovation and Modernization Act), 3 ouyx] g4 2L
"HoF(Nuclear Energy Innovation and Capabilities Act), 202013 ¢
(Energy Act of 2020), <13 T2 2 dxg] wWek(Infrastructure
Investment and Jobs Act) 5= A& 3

A
)

QO 2020 oYX H (Energy Act of 2020)e] HALEU 7}8 X =21+
Availibility Program)¥} 1Zd ol #AEHH" && T3l v AT HAXLA=ZE
2 WG Wed HALEUS wA4ow Shislrlee debs Seaa
AR AL FAFL YL,

* HALEU 7F84 X2 2% (HALEU Availibility Program) : V= W] HALEU A4t 35 &
g gHE 93 AT, N, AS, YA Ees Adsr] 9 == A9
HALEU 48& Awslal, HALEUS ©&7], &714 35 B, HALEUE o]&3t Az}
2 AF X]?J HALEU A4F v]& 3l A8 ¢ 5= 93] NEI, GAIN, EPRIE H| 33t
7070 71@ o2 RE 3007 o]ite] Fost= HALEU AAAAS WHE5g,

#% Q& ]L L%‘ﬁ( nflation Reduction Act, IRA) : AR YPA=Z njx]o] &H Qa3 HALEUE
A7l A F535H7] Y8 HALEU 7H8 X230 20260 997k4] & 79948 9] o4tk

’

-
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O HEU downblending : HALEU %<2 9

A QDS WA olo] wel DOEE HALEU A4bol 59928, HALEU 4k A| < A 7|/Q15]
199, 7[e}f A7 2 AF 83t AY S 1998 E HALEU 359

)
7}l
of Fx} o7,

==
=

S A A 7)HE 50 Wi
7, ARA[UAR HFQ3d HALEUZS 33371 98], DOEE 1) INLE
EBR-II AFEF3ddx HYE &3 9 155 eh(HEU)S 314
(downblending)stE #4S Maste] 2028W71A 2F 10 MTUS HALEU=
H 331, 2) Savannah River Site (SRS)o| A8 YA=2E st B
<9 HEU®F INL9] ATR A& 855 AHEste]l % 40 MTUS 19.75%
HALEUE &1 A&l

S5 Rz 5 L w5 oY 7Y JEEE Fo17] s vl= W $-2
7 A e Sdista 5. 53], U-235 5%°lste] Aws FohE
(LEUel g3t 122} +52 Hof oy, 10% o9 =5 273
HALEUE AAstal 35 2 2 % 94 9. Centrust HALEU

2 HAY 20% sEE 52T F YE 2AUE e {FAd3 FEAAE, 2019
Y DOES}] Ak wa} $.38l0] ¢ PiketonolA] HALEU AA+S Alddstr] ¢
3 16702] ACI00M HAIEE 7] MxAol=E Adste] HALEU AAF F

=

2023 Ao = 20 kge] HALEU Aitell A3k 2024d= 900 kgE AYAtsto]
DOE] FF ogoln], A7) AxAN=E 3 Adsto] A A3t 4FL
6 MTUS.Z &8]& Flo] Hit.

HALEU t¢F 714 7| : u)= DOEE CURIE® T2 E3x AE=R

AGFAALAN F8F 42 355 MY DAz HARZ A
Fgdowd, PAETYIR] G Folw, isn ERHoR BT
= A1ES ATAIL QL. ok AFFIARY AN Ve B A%
s Adn 7715 gy, W71% FAE dsta, nFel oux o
HE BESE 8L BHow 3

* CURIE : Consolidated Uranium Recovery and Integrated Extraction

cl. Il HIE=E 01dHE AXNE SS2US {C HALEU =2 X 0ot

Q 2050 BA4FH @4, Ay R A3 dAd = AAYE dRE YsiAe

A ARNLAR ko] A&EA FRE ojof 8
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— 19hH) MOX @& v @ Z#}~ Orano: Melox &olA Azt 1508 22 it
a1 o= MOXTE:;} ;01—3}1 tﬂ%}—g}oq H A58 A09x2 ddaz &8 (d7]4
19

— 29F) #EAA 2 : Orano La Hague #AAZ A& T3l =
9= YE AQAHYste] MOX AT E &5 (g, shu| =& Ao 2} m o)
o7} Mash ASFAAL LU G F7b L PALAN R ol WA AF).

— 39h) =) Solm Ael : AV1A Wetew Fu A4z AgFaAdRe] volz
J

AgE §3 TRU = FE (A <t 3 5 FAH Frel FHo] slon,
dolz gl it =] A7) Foleh gojr A A Mg ).

3. OlHY &AM &S E 7I¢ HIZ+Y WA= HH Ol X EL XH

Jb. XI8 TRISO A=

o

Q ]X]‘7]]§]_]: TRISO ]'JOEI-E_T‘:_ i]—/(ﬂ]:ﬂ e %]_X],iq] %%;ﬁ,gi A]’%% 2 gl

H
SRR E]

- A27MAR, £89 AR, - FHE AAZRE YAstE UYd 1 AR
A TRISO A8 E =5t L.

=
D37l ¢3l AGR Fuel Development & Qualification Z=2 1S E3
TRISO A8 A3} (Qualification)o] LL3 AxFgAHI} ZAAY/HZ
AAE 7S /Idstal 42 A 9 HdAd S APEAEE SR

Q vl YA A7 (U.S NRC)2> AGR ddg #- TR $elsta Az
Az Adg 243t GAAAES F259S. o] 5
AAsLE g AMAE FH ke 1S 7F 713 @] Ths el A,

O AGR =21 %3 =% TRISO AR A% 7|&3 AFska 2AA
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L8992 = (Molten Salt Reactor, MSR) :
-

Be2+, Na+, K+, Mg2+

= A

%7124 HALEU 7]%¥e] UCl, 2t NaCl-KClo]

i

=

7
— MSR 2FS ¢aiA 2
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1. Ag 210 M5 2L QA

Il &FH9L

O FHT 7te dHd9 kA, 584 B AAA e f8 AAdAd dds
(ATF)$} $-2Hg 55% 6% vt —20% nehS §3h ek diddne] 483} 5
Zl.

— FHAAHAER(KNF)= AFA 3 AR (Cr 28 HANA-6/LAS 2Z2A]) 9] A
HARE(24.4 FA) 2 ARATAC25 FA AA) ALY I Fe3 F
2122)

— 3¢9 AA" FLIFTFAF WECH(Cr=8 ZIRLO ¥ SiC IEA, UN &24A),
Framatomejit (Cr2® M5, SiC/w% 534 5), GNFit(FeCrAl 2 ARMOR ¥ &
A ) AruAEA AR AHAdR AdAAE FFC199 o] F) H AFEAE I}
217 g (260 of )23,

— % NEI & 2094 FHH7FA] 5% ©o]de] LEU+A &3] AAE ~75 GWD/MTU

22) U] AlARd A Y S D AES F3 A", 2023 A IAAAIG LS9
23) https://www.nrc.gov/reactors/power/atf.html
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WA Qs Aaw g FH,

L.

~—

¥ H WECE HU 8% =3 LEU+ ADOPT AZAE o= ~xgdA o] Aisga
(‘24.8) Vogtle—2 QA=A AHASRATA ZAAE 538 oA (25d)25, T3 WEC
= ATFE %83t EnCore dAz9 237} dAEE 62 GWD/MT

£26),

(e
o,
oy
|o
fru
ol T
ro
=

- 3 7| AHHFTAHE SMR AgSddg S A7HS ¢ LEU+/ATEF 4%
Ml m s 2HE=(°24.5)27).

Bt
i,
5
kny
Ll
>
olo
QL‘
4

— % NRCx= A 2dA 5% o] (LEU+/HALEU) =%
= st WA AlE FANRC, SECY-21-0109, 22.3)

Q A4Ath AL A=Z 2 SMR 7HEs} sta2d 7]£9] Atste gl Aol
|

o
F&UQR ¥ TRISO 5 s £79 ddse] gat A8t 50 94

— H 7R EARE 3] ool A SMRY AR AAE A 2~8 kS AT 7|2
AA((24.8)28), R A= WA AA AR E29) sy xR
A2 7w 2 AF 2 3@ (K-ARDPY) F71(°24.6)30),

* K—=ARDP+= -27F~Z(HTGR), 2573142 (SFR), 88 AYAZ(MSR) 55 dldo= ]
B

o =2 ¢}
(4~5) B T471(6~9d) A Tz 72t 7l 2 4S5 AL

fus

ol\

— EDOE+ 293% 28] 1R Aqedatz2 AFZ =13 (ARDP)" 414 (°20.5)3D

% A2 TerraPoweriit® Natrium AHYWZalE 2, X—energyiit Xe—100 1227}~ Kairos
Powerfit KP-FHR &§dUA=2 & A4,

24) NEI, Drive To Deploy ATF with Increased Enrichment and Higher Burnup, 2023

25) Westinghouse produces first batch of LEU+ fuel pellets (NuclearNewswire, ‘24. 8. 10)

26) Westinghouse accident tolerant fuel in US licensing 'first' (world nuclear news, 24. 8. 19)

27) WP|SHRFAY, 20249 2P REURNR ALGFHAR WPFAL AARI WS LAY AFuA] 31
28) 27tapel7| 4Ab2 8]0l sl THely| 42 ARl 24.8

29) AAEA1S LS, AAY LA glEgE FAFHR), 24.2

30) 7| aJE AR BeXls, AR5 OXE Alge] Eeta oUR|d, AtAY AAME A4 &8 245} 24.6
31) https://www.energy.gov/ne/advanced-reactor-demonstration-program
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https://www.ans.org/news/article-6283/westinghouse-produces-first-batch-of-leu-fuel-pellets/

(#4-1] 38318 930 AL 5 Az

T TH/AAZOEAD

CrZ"¥HANAG6/LAS A 7FUO2(KNF),
7] Cra®M5/Cr3d7FU02(Framatome), Cr=® Opt.ZIRLO/CrAlZ 7}
Aba A &4 UO2(Westinghouse), ARMORZY/FeCrAl¥] & 2| (GNF)

ol =

= Lo

ot

SiCH &2 /=4U02E-8+ A A A (KNF), SiCy¥EA (Framatome),
SiCH] F-2/U3Si2=-2UN(Westinghouse)

ISMR(EAE A E B 5AAF 2 /AR o), BWRX—300(GE—Hitachi),
AbshE NuScale(NuScale Power), SMR—160(Holtec),
SMR (Westinghouse), EM2 (GA)

Natrium(TerraPower), AURORA(OKLO), PRISM(GE Hitachi),
ARC—100(ARC Clean Technology)

A7

A= Xe—100(X—Energy), KP—FHR(Kairos Power), StarCore(StarCore
slol g TRISO Nuclear), eVinciTM(Westinghouse), SC—HTGR(Framatome),
GT—MHR(GA), MMR(USNC), U—Battery(U—Battery Canada)

MCFR(TerraPower), IMSR(Terrestrial Energy), MCSFR(Elysium
Industries), GEM*STAR(Muons), ThorCon(Martingale), LETR(Flibe
Energy), Yellowstone(Yellowstone Energy)

ofo
2

*2% NRC % DOE 5 #A= ATA

agAola ERHQ AFE 9
)

%5 W2 3% NRC| vlAdS 2A4shar Atz QIs)7h w4 Agvlek ATF B A1) SAse] Bt <13
% A

— % NRCE HAF=E X3 APAdA=EE goe=z e 7EHE
(Technology—Inclusive)?] a4 H & 2L A5 7|9k A2 10CFR Part 53
Ak F(25d ¢kE H3¥, SECY—23-0021).

% 7129 WAATE FA9 7FA7FE 10CFR Part 503} Part 52 dfoll A A& A 2o thgk 714

32) Senate Passes Key Legislation To Speed Up Deployment Of New Nuclear Reactors(NUCNET, "24.6.19)
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HECLS 93]of AF(23.2) E AFHY HFT 591(°24.4). ‘2513 ASNR( A}
HolAd 9 WAl wWFE ) W oA EPR2 92 A A& 7H6~147)) 7+A 3}

— JFAI71890 % NRC, fn CNSC, 3 ONR> At A8 7|l digh 7|&HE §€
MoC(Memorandum of Cooperation) A2 (°24.3)34),

& Fofe] dftow AT Al UE FHA717] SlE EE 7
Y %A A 71 ZoF 3 23

% CNSC®} NRCE GE Hitachiit7F 718 SMR %3 BWRX-3002 TRISO s Sl
el T%5 A= HaA @$H(23d)39),

Tyt Ve HE +

M

O A1g Az digk A7) A& 7FE {8l FAV|He] AANAES} VeHE
AN D EAVETARIA AL 5 &8 75,

— 7A1Y EFEAdS HAS st Js7F dSAE =olv] fl AVIES ARAAA
E(&, Y9or9]), Pre—Application Activities(Z2, NRC), Vender Design Review(jn,
CNSC), Generic Design Assessment(, ONR) A% 29 <.

— NRCE ATF9] a&79 AALE 98 7122 Adz /o] gy 5o <157} AAL
2k Hdefoll A dldg o] st XY Fol| V=BEE FHSsta I AAKRT HS5H
& Jitel= dEFo w2 M7 (NRC, ATF Project Plan, ‘19).

¥ NRC= ATF #3571+ /NS 98] 2 @Al tigk PIRT(Phenomena Identification and
Ranking Table) 73 % A A Z 2 HASHNIZE 7L,

% NRCE Cra® v & s 7|2 3423 AAX I (NUREG-0800)S H gt A
A F(ATF-1SG-2020—-01)S ey,

— TUlol M= ATFO Z£3 A8stE flal #1713 23 47] 7]FHKINS, KHNP,
KAERI, KNF)o] 7|« ok
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— G H LS BT 3= A4Rd gl $AE(aY 3
ATF= do=d AAARA 71Ide B8 2849 <

33) Final Approval for ASN-IRSN Merger: Parliament Passes New Nuclear Safety Governance Law(Sfen, "24.4.16)
34) US, Canada And UK To Work Together On Technical Reviews of Next-Generation Reactors (NucNet, 24. 3. 13)
35) https://www.nrc.gov/reactors/new-reactors/advanced.html
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0 NY WA L AAR SIS A FA/E . @ D A

— 8 QA2k9l= iISMRE &3t Q7S 98 AR 7lsAEel digh AP A A Eet
AFNE g5 2" ¥A4FE A2 el E 30d Z7HA A7 =3 AF7)
= 5 A ZIRE S of] 2780,

« AFARANES E3) /ute] Azt o} Ao B8-S H4a3sla, ‘SMR TFAATF A%
THOR HSH}L Ve FHE.

w W QPR A e 7|W%, 35487]% S

Naat A7) e 7E AL olds 91gk qiAlQlE &

T %
— ZE NRCE= HASE Az dMdAm A4S sl F2447)5(Principal Design
Criteria)37 ¥} F&3dAg 2 TRISO AT )3t HAZ(Fuel Qualification)™ A3 1F
)38)39).

# A A - (RG 1.232) oAl = SFRY HTGR v A T2 FoAA7]+ /Md A A+

w F&AgE 2 TRISO AARS 913 HFA3-& NUREG—2246°] 71&5 o] 9o, Axaadn
A% A% NUREG/CR-7299 7]&5 ] 5.

X{ at

— O

2 AHIXEY g 489 ¢, Ol«

e

L AldHZE HAT JHR

S5 mE AlaL o] 3 mj= o | X5 (DOE, Department of Energy) X3}l
AkdA 370 7]#(WEC,  Framatome, GE)o] AlxzAgra] Hdg
(Accident—tolerant Fuel, ATF)7}& A]=#}

— WEC, Framatome, ¥ GE+= ©@7] A& 4 FA7] 48 &

Al ATF 1R 2AlE A4
st A 2= .
- @] A8 BAHoR X223y Fu & U Cr& IYste HEA AsES

22 Hrkste 224 (Doped UO, Pellet) 714

— A Ao RE BEFASIC) Ve BaaA w8 AA|e] FeCral T 9%

B GAEE P D Sehs AAF 3R A% Sebs 22A A

6) B2 REAY BEAtR, ABAS A Aljo] REta oluiAlY, A WA A4 Ehu RSt 246

RG 1.232, Guidance for Developing Principal Design Criteria for Non-Light-Water Reactor
NUREG-2246, Fuel Qualification for Advanced Reactors

37
38
39) NUREG/CR-7299, Fuel Qualification for Molten Salt Reactors

vvvv
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[F4-2] =49 AR FFAESY ATF 7ld4o

aF 5 WEC Framatome General Electric
e _ow wmy L
A8 | Cr0s—ALOs Doped UO, Cr—doped UO, _
244 (ADOPT™) A
4 7 SiC ¥ &3 SiC ¥&3% FeCrAl 9E3 (IronClad™)
7
(e}
A8 aum/adEs gy AAEE _
UN A2 A doped UO, 2AA|
O Pl=r& ATF A& A7 A AL argfshe] 2015We= 2 k4
A A THS FAoY, 2019ddd = HHAS kel A AAAE ST
2 g%
— ul=r DOET 20153 w|=r g 3lo] ATF 71 AlEE H3s HaXE AEFshHA ATF
S “AAlY Zr—-U0, 7Ivt dAzo Hls)] fde] A & AR ddge] HF
o] AHAE A= Az A

=
=
of A, ddm 22AY A B/ dEd e 18 St 2 A=

— vz ARE JFsdde x&EFES 8] 20199 IAEEAIEAYHE (NEIMA,

(Nuclear Incident Section 11 of the Atomic Energy Act of 1954)¢] thdl #3tAdS-

oW A A AAAS TUMATE dRTE Ao,

x ATFe] EA o7 obdAl oo Yre] AF7] 4ol Agst nddh &gy} S ko 7]ofst &=
AE AAA M ZHE A A,

N

Lk AFIHSHY oiois e My

O "= DOE® 20214 19 v= ¢ 4t AAES 9k x5 Agn]d(DOE
NE Strategic Vision)oll 7Fsd 49 AAA S s 20253714 ATFE
A5t 2 2030t ATFE €A FHAsHA €835t A T8 T34

40) Frank J. Goldner et al., The U.S. Accident tolerant fuels program update on national initiative, ORNL,
2021.

41) U.S. DOE, Report to Congress, Development of Light Water Reactor Fuels with Enhanced Accident
Tolerance, 2015.04., p.3.

42) U.S. Congress, Public Law 115-439, Nuclear Energy Innovation and Modernization Act, 2019.1.

43) www.energy.gov/ne/articles/5-things-you-should-know-about-accident-tolerant-fuels
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A3 9 (European Commission, EC)+ HUAH S 3137 = A FEx}o
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QHoIS 2022 249 wH S H oA HjE. o], 2022 7H <<
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K
wd ofN oot

AR S AFR-Fo| EFAIA 204574 A A4 2 20403704 7HeAA 5
HAGS A|H oz AAFAA 20251 o]F ATF 8-S HA.

— THUAHATY S o (FORATOM) & ABAE &3l 2025W7M4 ATF 483k A4~
ojA H3lth= & A6,

=
AARA, BA7E 2 BN AL 2] AREAT 57 BHo] F87)
e AFAYTEAE A9 R DYk golnE WA PEYL glu, FgTIRe B

AAYTEAE & BANFE AA.

T

n] = 9] WEC(Westinghouse Electric Company)¥ ©@7] 2182 93+ ATF 7)<
Cold—spray & o] &3t Cr ZH A=23%F IEH 3 Cr @ Al AstE A7)
Aol ADOPT™ £Z4A"E TH A& AAS 201995E AU A A

4
HASE AdAFE 219l 202595 ATF I8 55%7F 6 wt.%
==
RUN

) 2021 8YHE] ORNLOA FALEA] & (PIE,
Post—Irradiation Examination)= 48 <. 2577] AA&Ag &5 o]% 2024 1¥€ INLZ ATF

AMARYS Suretel £AFAY A5 EF, Byron 2571004 202349 FheHE 1

44) DOE NE, Strategic Vision, 2021., p.7
45) EC. Commission Delegated Regulation (EU) 2022/1214, 2022
46) www.nucleareurope.eu/press-release/foratom-welcomes-adoption-of-complementary-delegated-act-by-

commissioners
LEE, F=d SAERANA 7tol=2tel, 2022.12.

48) NRC homepage, www.nrc.gov/reactors/power/atf/licensing-activities/licensing-actions.html.
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49) NEI High Burnup Workshop, Drive to Deploy ATF with Increased Enrichment and Higher Burnup,
2023.
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A% 9o geed A% 9 ek B, SR EEA Y ALEF 9
3 7, o o]d) SR THEdA AAA A Thss0.

THE AE Z8.

# A= NRC+= FFRD @<t 32 flsll ofefje} ol 57F4] A1 7]dk ik A A]5DL:
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29 A NAALE 7S YsAE ndAE AMAF o] FFRD (Fuel Fragmentation,

1. No Action / 2. Redefine LBLOCA / 3. Develop FFRD regulation /4. Post FFRD

consequence / 5. Risk—Informed LOCA(LBB).

— LEU+ % dldg Qs7tdA%e 571 71&S $3% A4 A=t /ds} LEU+ 337

gH Zda.
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O w2l T¥ AR A7 A, A A AT wF5 D ejalol-Fetol
O

ki
r2
o

SAREATae) Jum ATzt ZAFAY A
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50) Aladar A. Csontos, NEI ATF working group updates, EPRI CRAFT Meeting Dallas, TX, April 2, 2024.
51) James Corson, NRC update on FFRD topics, CRAFT FFRD technical expert group meeting, April
2024.
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52) World Nuclear Association, High-Assay Low-Enriched Uranium (HALEU) (2023).
53) https://www.nrc.gov/reactors/power/atf/technologies/enrichment.html (2024).
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O "= NRCE= +5% A% 114 /M 9 X3 7I¢y #HAste] “Rulemaking
Plan on use of Increased Enrichment of Conventional and Accident
Tolerant Fuel Designs for Light Water Reactors (SECY—21-0109)" A&
of st HEE 54,

Ch AL LEU+ HAZ JlE 882 X 201t =X 0 HE

FTEL A 2 dax T 71ES Lol dds 2 94

i)

A

%3/-#] (Operational and Maintenance, O&M) H|-& A7} ;A7 F I
AXNAH FAE 3 SR WAF AR 59 o555 duxA 3, g

“=
B5 WARH 9% A% @57 A7) 94 9 A8 5 O FoklA AM
[e)

’

54) Staff Requirements-SECY-21-0109: Rulemaking Plan on use of Increased Enrichment of Conventional
and Accident Tolerant Fuel Designs for Light Water Reactors (2022).
55) Framatome, 12th EPRI-DOE-INL WS on ATF and HBU (2023).
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Framatome is actively developing LEU+ fuel fabrication
capabilities and methodologies for high burnup LEU+ fuel

LEU+ UF4 Enrichment Fuel Fabrication Fuel Cycle Licensing Reactor Site Readiness

- 3 Cycle Design and Licensing
Reduced batch size desigr

High burmup design approva

Licensing methodology amendments

EUP Suppliers Framatome Reactor Operators

Key elements of Framatome’s LEU+ fabrication upgrades and reload supply planning:

1. Engaging with EUP suppliers (Urenco, Orano) to be ready for LEU+ UF, supply as it develops

2. Progressing through the LEU+ upgrade project timeline for the Richland, WA fuel fabrication facility

3. Developing and submitting extensions of fuel cycle licensing methodologies for high burnup LEU+ fuel cycles
4. Engaging with plant operators with an implementation guideline to assist in being ready for LEU+ reloads

framatome J. Reed -Dallas, Tx—/-\pr%z%%gg,goga;gg;uep?iﬁ:ghzarrensa;\gz ’ 7
[1H4-1] Framatome®] A% A5 #g Z2IHE S 1dAE LEU+ A8

QO Framatome< 202

W 3994 % LEU+ ddx 2 X2 A AEe] ok &
Ae ALsHs RA R/

/x4 3= 2 W E(advanced codes and methods)
9eke] wEel, A%, 717, non-LOCA 2 LOCA WHE 52 2§
Topical ReportE A=,

r_l_u —
ol
L

of [

Q 20229 U—-235 5% 89749 Aldg A ZE 53
013]7}S U.S. NRCEZHE] HE3T6), 2023 do= U-235 =%
A FH94 88 5 e AR

56) Framatome receives U.S. NRC approval to transport higher enriched fuel, Framatome (2022).

57) NRC approves use of Framatome codes in advanced nuclear fuel development, World Nuclear News
(2023).
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Cycle Design and Licensing

Reduced balch size designs
) High burnup design approval
gy

n Simulation and No
arTems W, OALLEO
Code
{,- :‘Fh COBRA-FLX
Core Thermal.
Fydauis Code
Inchding icensed CHF
Inckides. Correlatonis)

Thermal-Hydraulcy
Module (COBRA-FLX) S-RELAPS
*Thermal-Mechamical
Modus (FR)

O Westinghousei= High Energy Fuel T 2138 E3}o] tAAdI AZAE

guse dAm J1E AL 2

— High Energy Fue
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>,
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re

kil

N

N

Program Schedule for Licensing, Testing, and Volume Production

PRIME Features,
ADOPT Fuel and
AXIOM Cladding

Available for
Region Deliveries

U.S. NRC Review and
Approval 68 GWD/MTU

Incremental
Burnup
(Topical Only)

Higher Enrichment
& Higher Burnup
(Topicals Only)

Development and U.S. NRC Review and Approval for LEU+ Fuel and 75 GWD/MTU

e e e e e

Chrome ‘Complete Licensing and Manufacturing Readiness for Volume Production

Coated Cladding
e —|

Facility Final

Concept and U.S. Complete Construction, Licensing and Manufacturing Readiness for Volume Production
NRC Notification gl .
2023 2024 2025 2026 2027
Lead Test LTA Re-Inserted 25 Test Rods from Remaining LTAs and
Assembly at for Higher Burnup Byron 2 delivered to Test Rods Removed
Byron Unit 2 per U.S. NRC | INL for inati for i

(Inserted 2019)

Lead Test U.S. NRC )
Vostie Unt Approval o LTAs || et s 2050 | A
Vogtle Unit 2 (Inserted Spring 2025)

Containing LEU+

[184—-3] Westinghouse® High Energy Fuel ZTE21#S %3}

TAALAE LEU+ A= 7w

O Westinghousex 11dA%E LEU+ Az AHLES ¢ste] U.S. NRColA 7]
SeE =4 A, dAds ds, d9 A7, LOCA 2 non—LOCA A&
Esete = 9 W EC 98k Topical ReportE 20234W A &3

58) https://www.westinghousenuclear.com/nuclear-fuel/westinghouse-high-energy-fuel-program/
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— 2023 "= Columbia A& A2 AlA Yo 1A% LEU+ AR #A|ZE 7]& A
T AEE A Ys9).

— 2023 W3 Vogtle 287|949 U-235 §F% 6% LEU+ A5 AxAg F3)
S NRCEHF-E <l whokar, 20243 8¥ole 482 Ag& LEU+ s 2dA
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GE’s Accident Tolerant Fuel Technologies G e vernmovn

Technologies i Technology Development Goals

Safety — Durability —
T: o Temperature o Oxidation o Cladding Health
| i Stability of fuel rods Provide a step-change  Increased performance of fuel
at higher in oxidation resistance cladding under normai and
temperatures off-normal conditions

——Reactor Versatility

Applicability of ATF products on current
LWR fleet also has synergies with future %
reactors, e.g. BWRX-300, and batch size reductions

—— Economics

Increase exposure and
power output to support

operations, e.g. load following and and increased cycle
higher duty lengths
ARMOR Coated Core Team
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i Cladding
v ~Q \i!L

ARMOR IronClad o= L GE Ll °‘ ei atianal ab hzi.:"nz.”fs., Nelonal Lab
Coated Monolithic LEU+/HBU Racaarch ; p— T Halrres
Cladding FeCrAl = Constellation. NUCLEAR I I e N Alleima

@© 2023 GE Vernova and/or its affiliates. All rights reserved

o
offt
g

[164—-4] GE VERNOVAS AtauAdAgdsads Z=2 1

1AAE LEU+ dds 7

O GE VERNOVA+ 20244 29 U-235 5% 8%7tA 9 1d4A%E LEU+ 3]

59) Westinghouse Establishes Center of Excellence for LEU+ Fuel Manufacturing in the United States,
Westinghouse (2023).

60) Westinghouse Produces First Batch of Higher Enriched Fuel Pellets, U.S. DOE (2024).

61) GNF-A, SNM-1097 License Amendment Pre-Application Meeting LEU+ Fuel Fabrication (2022).
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62) GNF gets approval to manufacture higher enrichment fuel, World Nuclear News (2024).

63) L.M. Krall et al.,

Nuclear waste from small modular reactors, PNAS (2022).
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fe1s
I .

20221  U.S NRC9 Fuel Qualification for Advanced Reactors
(NUREG—2246) HiA6ho A= zpAt) AAE g 2A43E i
A dAZe Hd A A ZAAIFE I b AR s, A7 dlolH

(@)

2 253 A A4 =D AW 2 AFS D5 24

T AAR HF A 71FS WEAY] AT AFHoRE B A%
A BF BE HoF B o 109 o) 4e] Azte] Badt o 93
7] A% Ao v AA AT AR FA A A48 9z
g AWAon B WS FAI

AGR Z29& E3] 2435 TRISO A8E &8st nE=2d A
74 EBR-1IIZ & #HEd o

g Fal, WA 9 Al WAvEYo] oful

m=S 2000 ZWHELE AGR TEIOHS Fa ue ks spts 38 ¢S
FE AL 1ER ZROF0] gAHoR FrE o]FxE TRISO #ds 7 =
He2 L5974 AEHe A (1 4-5).

Hl=re] A&AQ1 TRISO AR 7] A48 A3t 3 AH = 259 ARDPO &
T4 A3 &9 (Demonstration 7))ol A ¥ X—ENERGY(it)¢] Xe—100 =3}
KAIROS POWER(it) ¢l &89 9= HERMES®] Z4o] #H35".

* HERMES 912+ AGR X238 F3] #35H" TRISO AAE =Ystal o AAs 1%
I g o] A AGRAA ASH AE 995 Hold F5+= (d: TRISO 4AF &9
[mW/particle]), (1) 7Al7]1332] AbA 217 5 (Pre—application activities)2 53+ 2] ¢}
(2) oHd 9§ S dHF o= wiAlslE AR A (d: W2 A2 29 UR)5S S8

B

64)

U.S NRC, Fuel Qualification for Advanced Reactors, NUREG-2246,2022
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Early test of lab-scale UCO Designed-to-fail fuel to assess fission

fuel performance; shakedown product retention and transport in
of test train design. reactor graphite and fuel matrix.
Engineering-scale particles Fuel qualification and performance
in lab-scale compacts. margin test. Engineering-scale UCO
Includes UCO and UO, fuel. particles and compacts.
Fuel
.ue . AGR-1 AGR-2 AGR-3/4* AGR-5/6/7
Fabrication
; | Submit AGR TRISO
_ AGR-3/4 !
rradiation | et
(|n ATR) AGR-1 AGR-2 AGR-5/6/7 results in topical
I I ts to the NRC
B ————— ) .°)
P P D PO D DD D> O e DR O N D > o> licensing TRISO-
’\90 WQQ ,&Q ’LQQ ’Lb ,\,Q ’\9’\/ ,‘9’& ,&’\/ ’LQ'\ 'LB’\/ ’@’\ "9'\/ ,\9’\ ,&’\/ ,‘9‘\ 'ILQW ,@W Q'L ,»Q’M Q'L e N
AGR-1 AGR5/6/7 R
1
PIE AGR-2

AGR-3/4

*Includes fabrication of DTF AIR ﬂ

particles; driver fuel taken ADVANCED TOR TECHNOLOGIES
from AGR-1 fabrication
campaign 3

[Z284—-5] v]=F2] AGR X 213 o9

v=ro] AW AF YR Ao Q3 Adg xA3l= 34 Experimental

Breeder Reactor (EBR—II) 433} dlo]g ol o&Edta A+ AFspelnm

+ U.S NRCE EBR-119] U-10wt%Zr/HT-9, A4 10 at% dHolEE &3t
A7 AAE S AE. 10at% A4 B <oA= A5 1 Ak 2

e & dyAQe dF rtesita 28 (B3 23 Up to the proposed 10

at% BU limit, life—Ilimiting and safety—related fuel behaviors are well known and

Y
&

r

ol

o

predictable.)

wk 20249 05 nER AT A= 79k AA BAQR A AA AR RFHo| Alal
d SEE A vsdAM = A5"= (VIR) ZEade] Fud gstolal, A9
uEE AFE JOYOw 20261 A7beS HEE St 5. 2lAloke] BOR—60+= A
of-$agtoli} AAow B Pelo] AxHow FUHY] o2 A

s W) @ B A @A (Oak Ridge National Laboratory, ORNL) A4 9] 14
A ZAL AHQ HFIRES 283l thdd u&zddn A4e] 24 4% A9
Ao, FAZIHe] sk Ee A7t Ame AN BV (AT A7 AE
710l ZHol Ae). ol m=e] dne ad%w A5 EBR-II HAE dol
Fgatel A7} Thsd WM FAHL L.

—

mlm o —1>
v}

Z2e mesbaz9l HTR-PM A% B2 TRISO #2 sz 243
o} A5 dHolHE HEYHE Petten YAZE A|PS &3 RIS,

FTaUolA 77bs Fold HTR-10 A5=9] #Hl& 5ol v HTR-PM A=
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— w5 o]9le] b5 A

S -,
w 7)) sttE ARl E9dA AL Vel A TRl V1R A EE ol el wet
As 2% 2 A48 /5ol

)
)

oN
oty
i
a
32
o

AL A ARl A 23

(SFR) 7o F4.

Grlo] AHE 7] 93k Fo] UxE (Paper Reactor) 7WEHS x| oFsta A& Ax}b
2 /1 FEZF B ok & o] Al AR AEHAR] AR 2AS) Al
st x| o] dAs)

4

L)

e

-

A9 AAR AF dolHE BEIF T AFE AL % A} Ak BA AE
sfo] oA AT FQ1 AT AAE AL S 49T Ba 98,

* 53], #5992 (MSR)F AF Wz 152 (SFR)S I AJAES 5351 3F4]7]
o] a3t 59 A7 HFE dHolgHE AT 7FA 100 d o] e Algte] A~9E A
o7 dAE. olo] ¢ F Axze] dMAdm AA3E o FHS Fa WAy Ao dA
Holel wekd, oivk e FHES Mg AoAME, I 1 TR FAF AL ES
S Jgste] g 1F AAg 243 GFS 2Eed =8-S 7| 2oof g

el FHoll o FAZIFFe] AL Fort g AV HI] AT 2} S
o2 st AS HolHE desta a9 d4S &= Aol nfAgh ol& &
a AE A= s F3e ded T B2 Aol AXEE AE AY dof
Sl

.

A gder Z B AR B FdQ S (o: F39 v
T Petten 9725 &83F HTR-PM 3= 243} Alg Za1).
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AR %, 715 94 A4 P L ASFIAR WA AP 2T o
AL ALY ol AFAR DY V|F 2

=
54 A7 ZMAEEA 34 dxele] F35o0] 27

AR A B dAE AR ZASEAY (5E FHASsH] A% =

A} S A (Post Irradiation Examination, PIE) 2 31F¢ WA HZIE A g/

A Ao A 22 Heol Thed A AR A s e,

A AA D92 A== Ao AEHolar kg 9 R AHV]=
=

SHHE 95t tae S AgAEE 29 T

[E5-1] e 58 A AAAAE A

F2 w7 ZAFA AL w8
Idaho National Laboratory (INL)
u) =t Oak Ridge National Laboratory (ORNL)
Pacific Northwest National Laboratory (PNNL)
et Canadian Nuclear Laboratories (CNL)
PN LECA—STAR Hot Cell Facility, CEA
Laboratory for Studies on Irradiated Fuel (LECI), CEA
Eaths| Studsvik Nuclear AB
29 Paul Scherrer Institute (PSI)
71l SCK—CEN
= EC, JRC Institute for Trans—uranium Elements (ITU)
= National Nuclear Laboratory (NNL)
r29o] Institute for Energy Technology (IFE)
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Ao} Research Institute of Atomic Reactors (RIAR)
o] 1. JAEA Hot Laboratories(RFEF, WASTEF, BECKY)
= Nippon Nuclear Fuel Development Co. (NFD)
- Hot Laboratory of Nuclear Power Institute of China (NPIC)
o Hot cell facilities, China Institute of Atomic Energy (CIAE)
O =44 g AFAAE AHa B ZASAIE AY] Bi @8 - Studsvik

Nuclear AB.

— Studsvik2 =¥ dlo A @49 g 2

0 a1l 2902 93 1947 AB Atomenergi® A
Zhste], 2000958 RIZEATS] 7|Ho R 3

==
5.
— R FAYE S Zt5al glo, Aat dddRe] Hedrt e ddm &4

o] =

T4 5ol sety &9

— A pellet I F&
7 YA AL (Loss of Coolant Accident, LOCA)E &gt

nEsE 2AFARNE T

Tyt Laser ablation system

L
AT A T

PN
T

— A 9x=E FH@V)|BEF FF3e] SCIP(Studsvik Cladding Integrity Program),
SMILE(Studsvik Material Integrity Life Extension) = Tl =4 &% ZTRAE
T3,

[5—2] Studsvik Nuclear AB FA}SA) e Anu] &3}

Available Techniques

Visual examination

Sieve analysis

Profilometry

High temperature annealing

Axial gamma scanning

Hardness testing

Burnup measurement

Mechanical tests

Eddy current examination

Mandrel testing for PCI

Oxide thickness measurement

Light optical microscopy

Cladding inside inspection

SEM, TEM, STEM

LOCA testing

Chemical and radiometric analyses
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High pressure line
Top of rod

—
Top pressure |

transducer

Test chamber
| — |

: Furnace

[285—1] Studsvik LOCA Al@7H](z) X Al T EHF($)
(Studsvik, NRC LOCA tests at Studsvik, 2012.)
O "= A AFHAA e B FAFAIY AH] H{ dAst - Idaho National
Laboratory(INL).
— "9 o|YAF DOEC] 170 % 8AdT4 5 3hbel INL2 A9, QA

% oneh £%4 B ATE F.

- B8 94Y REAE AAR A 24 ARAF 53 @ QA 57
9 ougy) 2AFAEe B8 AmARY ddge] 54 B71E 9% LOCA BA} A
4 5 gUd gdn 2ATAGT ATE 59

— Post Irradiation Examination Facilitiess= HFEF(Hot Fuel Examination Facility),
AL(Analytical Laboratory), EML(Electron Microscopy Laboratory), Irradiated
Materials Characterization Laboratory % CAES(Center for Advanced Energy
Studies) = 5. o] AAEAAE A Adm 2 A5 A5 H7ME 9
g st A d = ks gy 9 gk AJde sk, HFEFY ek 52474
(Ar gas) #917] &4 (17.8m L X 7.6m W X 6.4m H) 2 &7|(air) =917 &
A(5.1m L X 7.6m W)olAd= tdd3 deHo IAd8E 5 R ZAFAIRS

6g.
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[%5—3] Idaho National Lab HFEF Auv] &3}

Available Techniques

Density

Machining

Visual examination

Tensile testing

Gamma scanning

SEM

Rod length measurement

Metallurgical analysis

Profilometry

Coated particle sieving and inspection

Bow examination

Carbon, Oxygen, Nitrogen analysis

Eddy current testing

Gamma spectroscopy

Neutron radiography

ICP atomic emission spectroscopy—DE

Gas assay sample and recharge

Atomic absorption analysis

ICP/MS

Thermal ionisation mass spectrometry

Gross alpha/beta analysis

Nanoindenter

Element analysis

Dual beam focused ion beam

Alpha/beta spectroscopy

Positron annihilation spectroscopy

Gass mass analysis

Atom probe

Processing of isotopes

Raman spectroscopy

Thermal diffusivity TEM
X-—ray diffraction DTA DTG DSC
EPMA FEGSTEM

Micro hardness testing

Optical microscopy

— Irradiated Materials Characterization Laboratory(IMCL)&= ZA} 1?3& U=

o vaTE S} R AN 2AFE
He 5.

-

H BAE 9% 84 A8 g vy A

[35—4] Idaho National Lab IMCL AH] &3}

Available Techniques

Optical microscopy

Electron probe microanalysis(EPMA)

Dual—beam focued ion beam(FIB)

TEM

Local electrode atom probe

SEM

Measurement of material, physical and
thermal properties

Thermal property characterization

X—ray microscopy(XRM)

X—ray diffractometer(XRD)

Q v= A AEAE JHe R 2ARSAIY AR B dF

National Laboratory (ORNL).

— H=5¢] o |qAF DOES] 1770 = HAT

- Oak Ridge

% 39l ORNLE ddm /iy 5994



2 AAE S kst 9xtE R&DE FLEEE dAFAoln, ZAMAEE At AA
o] IMET (Irradiated Materials Examination and Testing Facility)$} AT AR E
Al & 8F= IFEL(Irradiated Fuels Examination Laboratory)< &<3.

I[FELS didds 9 fx= FE9 31ty 42 &84 5EAS H7lst= ORNLE o
A F shyolm, #H Westinghouse?] A A s sidz o] Q&7 zxpa A4t
S 98] LOCAE 283t ZATAE S 423,

w3l [FELo] SATS(Severe Accident Test Station)S 7B @ =3t e] A A7)
A3l (Design basis accident, DBA) % AA|7]|+=Z%3A 3L (Beyond design basis
accident, BDBA) =1 & th&e Aol Alyg oA s AFdE 738 +
55 HAXgE 3 Ves A=

[35—-5] Oak Ridge National Laboratory IFEL AdH] &2t

Available Techniques

Visual examination Fuel rod sectioning
Indexing for precision length measurement Oxide layer thickness measurement

Profilometry Neutron radiography

Axial gamma scanning Hydrogen measurement
Eddy—current examination Microgamma scanning

Thermal imaging Pellet grain size and porosity

Fission gas analysis Mechanical testing

Length and diameter Burst and creep testing

Gamma Scanning Microstructural analysis
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[Z185-2] SATSe AX¥ DBA EE(HAHA)(F), BDBA ZE(HAHEA)($)

(Nathan Capps et. al., “Integral LOCA fragmentation test in high—burnup fuel,”
Nuclear Engineering and Design, 2020.)

O Z&2 ghd APAA e 9 ZANSAIE AW B ds — LECA-STAR

Hot Cell Facility.
~ CEA 4F3he] LECA-STAR AHelAe 24} dudol v 9wt 2A5A%

o] F5d RS £F F05),

- A8 dA=E, drE ds Z AR Jige] FQ3d ZAFAIFES TS
Aol FHTolE LOCA HAgoA A 4 gl ddme FFRD(Fuel
Fragmentation, Relocation and Dispersal)S %H7}37] 93 EDF, CEA %
Framatome©] &% 22 VINON-LOCA Z271 B AA ZE ZAFFAIF Y]

=9 XS A=66),

I

st
ftlo
o

65) HOTLAB, Keys figures and services at the CEA LECA STAR facility (2015)
66) EP] Web of conference, The VINON-LOCA test facility (2021)
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[325-6] LECA—STAR FA}S A& Au] &3t

Available Techniques

Optical microscopy SIMS
SEM Retained gas measurement
Image analysis Numerical macroscope
EPMA Oxidation furnace
Heat treatments with on—line gas analysis Length and diameter
X—ray diffraction Eddy current testing
Density Oxide layer thickness measurement
Micro—-coring Gamma scanning
Burnup Visual examination

O gHE A AFAA e 2 FALSEA]Y AHH] HF A3 — Japan Atomic

Energy Agency(JAEA).

— RFEF(The Reactor Fuel Examination Facility)olX+= A543 94 A3
Age] gigk b H A HIME At ZARSAIE S s, 21

ZAYE Ad A 87, & A A S E 9 T
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[35—7] Japan Atomic Energy Agency RFEF AH] &3}

Available Techniques

Visual examination(assmebly, rod)

X—ray radiography

SEM Dimension measurement(assmebly, rod)
Tensile and burst test Eddy Current testing
EPMA Annealing test of pellet

Rod defueling

LOCA quench test

Metallography

X—ray diffractometry

Density

Oxide layer thickness measurement

Ultra—micro hardness test

Gamma scanning

Thermal diffusivity measurement

Gas analysis

5.

— WASTEF(The Waste Safety Testing Facility)ol A& A3 ald g A2 &1}
A HASEE AT 9 WA 7 ES] A Aol ok obdA AlEe flE]
Aot 19963 o]% FA} A8l ek 112 A|F3} TRU(transuranium) 52
galH, = SATE 2 A 570, | 2y A 1) 2 S BErAs 6UlE

_
o

[35—8] Japan Atomic Energy Agency WASTEF AH] 33}t

Available Techniques

Fuel cladding fracture toughness test

Fuel cladding tensile and compression test

Slow strian rate tensile test(SSRT)

Uniaxial constant load test

Autoclave test

Dissolution test

Heating surface corrosion test

Fuel cladding SSRT

Leaching test

Small—scale molten—solidified production
fabrication

TRU compound manufacture examination

X-—ray diffraction examination

Chemical treatment & analysis

Composition analysis

Thermodiffusion coefficient measurement

Specific—heat—capacity measurement

TEM

Focued ion beam(FIB) maching

— BECKY(The Back—End Fuel Cycle Key Elements Research Facility)ell 4+

SFAAR AA @ PAANE ARG A 2L FANF G AnE 7]
2 ATE RS, F 2AUE A9 24 30, A A G4 3] 2L Fejn v
23008 €9 F o5 F A AW fAW QY FeumAE Audn AN

1A& sdst7] o8l = ELA7IAI(Ar gas) 97104 4.

N
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Ll 312 AlY AlA

AT27L £ FNot, o] F AFE AR
o AEL

MIR.M1 (1O)

LVR-15 (I1O) 1967 ~ HANARO
HFR (10) 1957~ A
[y

1967~
™,

BR2 (1O)
T ‘\

MITR (1O)
1973(1958)~
o

“*HFIR(I0)
1966~

=
JHR (TC)
2032~

10 : in operation, TD : to be commissioned

[2H5-4] @A &9 2 A2 T ABAH=

O A4 B3 FAHOR Pl NP TRIUMRP)IS $FPY 2R
Z(HBWR)S #=7} 248 olF dels vl A9S 288 5 Qi AnAld

= HIoRg,

— 53 dldre <7kt #HHE loop AAHEE &EF ALY Ve, A T FA
2o 54& A3 71%, RAMP/LOCA/RIA 78 A3 7% 55 Fud A4
S T8 AFAHoR A #d Ves Frey] AR gt =] A 3
o
= .

67) IAEA Research Reactor Database (RRDB), https://nucleus.iaea.org/rrdb/#/home
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68) Jules Horowitz Reactor Project, JHR project Korean seminar (2024.04)




- ARAYR B )% 42 Fusn i Sk 0, TPs dae Fom
o]
I

— eAol-Sagtol} A AN BRI 4 g%l TAM Al 3
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Second Framework for Irradiation Experiments - FIDES-II
« NEA joint undertaking, established pursuant to Article 5 of the NEA Statues in co-ordination with the Nuclear Science Committee (NSC) and the
Committee on the Safety of Nuclear Installations (CSNI)
« Astable, sustainable, reliable platform for fuel and material testing using nuclear research reactors (RRs) in NEA member countries

« A community of experts serving as a forum to exchange and preserve experimental, analytical and technical know-how

LOC-HBU INCREASE INCREASE ATOMIC HITEC MCA-ATE

Tests in RIA tests High Phase 2) (Phase 1) GenlV fuel High- Long-term
BR2 Cladding with high Burnup Stress- Stress- irradiation and temperature irradiation of

France Czechia US & Japan us the Netherlands us Netherlands Czechia

& LECA PIE o burnup fuel LOCA relaxation tests relaxation tests microstructure creep rupture ATF cladding in
Facility C'reislkelsss in TREAT testing in of structural of structural evaluation in testing in HFR a commercial
Belgium & L} and NSRR TREAT material in HFR material in MITR ATR the Reactor
us

Data Preservation and Quality Assurance
i I ! ¢ ¢ ¢ | |
Training and Education
¢ | | _______, | ¢ | |
Modelling and Simulation

[185-5] FIDES—-119] F8 A& T4 @ & st

QO "o += NSUF(Nuclear Science User Facility)E Z&/&93sle] HF3s

69) Second Framework for Irradiation Experiments (FIDES), www.oecd-nea.org/jcms/pl_70867/second-fra
mework-for-irradiation-experiments-fides-ii
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72) H.R.Conference Report 112-331, U.S. 112" Congress(2011.12)
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FFRD(Fuel Fragmentation, Relocation,
PQD(Post Quenched Ductility) test

MBT (Modified Burst test)
Dispersal)

Integral LOCA test
PCI—Mandrel test
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S| = Y ologp g

y ARAAEATAL Fhl A APl 24 AR B Aol e 2AFA DL A
I Y= ZAFSA S A YA A (PIEF, Post Irradiation Examination Facility) & ZAFR]A]
& A A (IMEF, Irradiated Material Examination Facility)S €% =.

y Ak 3001d7ke] e 2AFAEINE A B ZAFAD FAE Balo] Hdw
A W7k, 41 HAR 9 REY £49Q 79, A5 FHLI)/FE
FAT PANY, ADLE AL FAAR BIAF A9A B 5 Adw AT
71o] gt ZALSEEA ARE AibeA| Tt o) 7|E ZALEAIF AN 9] A7t
3 =53l =AY AAE ALS Y3 FEAlmEd BZAF A L H) v)E
nj =R e

Jl. ZAIRHE A AIA(Post Irradiation Examination Facility, PIEF)
O 1985 =& = e, A4 25, At 35 7FEe] A
* =2y grA 47l SHA 270, did S 3N s B, AE, TEAIES).
[35-11] Srda=E A4 PIEF AlA A}
Specifications of Hotcell & Pool (PIEF)
=5 A7) (LXWxH, m) ¥ 7 (m) 715
6.5%3.0<15.5 (170) Cask unloading(FA, FR)
8 5% 6.5<3.0<10.0 (17}) > ZIYE 1.1 Fuel storage
7.5x3.9%15.5 (171) PSE, Dismantling of FA
6.5x1.5%3.5 (171) Nondesturctive test
s 4.0x1.5%3.5 (171) Internal pressure measurement
Z 5] 61—@__] = = E
o= A 2.0x1.5%3.5 (171) T SAYE 0.85 Sample storage
3.0x1.5%3.5 (171) Specimen preparation
o Al 1.2X1.0x2.5 (171) 3 0.15 Metallography
1.2X1.8x1.5 (171) ) Densimetry
1o 10.8%10.8x5.25 (17]) | & =¥ S Bpubx Mechanical test
~H 8.1x8.1x5.25 (171) v x4 SEM

% FA; Fuel assembly, FR; Fuel rod



[¥5—-12] St AH A< PIEF 4] 7]& A

Available Techniques

Visual examination SEM
Dimensional measurement Element analysis
Gamma scanning Hardness testing
Flaw detection Mechanical Testing
Oxide layer thickness measurement Density
Internal pressure measurement Optical microscopy
Section gamma scanning Hydrogen analysis

[295-7] A ddn A 2 2AFAHeIT} 71E §F 2=y
Ll. ZAHHAI® A& (Irradiated Materials Examination Facility, IMEF)

O 19939 =&HAemn, A 3%, A8t 1

=
1l [¢) =
« Tl ZAYE A 8, | 3 1), 49 x UIEGE 2 AR 8.

oft
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[35-13] =LA A9 IMEF A4 &A%

Specifications of Hotcell & Pool (IMEF)

=5 AZ(LXWXH, m) 2t ¥ 7 (m) 7%

A28 X 6.0<3.0><10.0 (171) - Cask unloading(capsule)
7.0%3.0x6.0 (178) Nondesturctive test
7.0%3.0x6.0 (178) — o = Dismantling capsule

=5 &l 4.7%3.0%6.0 (171) s 12 Specimen preparation

o 2.3%3.0x6.0 (171) Sample storage
71x2.054.0 M) | = o .o .
4.8%9.0%4.0 (170) > Z3AYE 0.8 Mechanical test

_ 23.4x2.0%4.0 (17]) T ZA9E 1.1
& A
W 2 10.3%2.0%4.3 (17) | % #3E 0.9 Process test
o skAl 1.5%2.6x4.65 0.2 Metallography
gt 5.87.5%8.4 o 2 EPAM, TEM,
X—ray system
O shiz AT A4z 24 A8 2 AR 2ew 48 94 B4 A AR - PE
o ZAFEA A%

— AR QA7 FTRABY ZAIAZE AZE A9,

— MR Atz AARZ Afutelr] 9T RAFEAH.

[3#5-14] = UdA=A79 IMEF 74 714 €8

Available Techniques

Visual examination TEM
Length and diameter Density
Gamma scanning Thermal diffusivity
Eddy current testing Mechanical testing
Oxide thickness measurement Micro hardness testing
Rod puncture X—Radiography
Optical microscopy Image analysis
SEM EPMA
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