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UO,/CrZr ATF with FLEX

o ATF Valuation 1.0/2.0 studies (#3002012250, 2018) =
» For severe accident case, enhanced coping times of 1 ~ 3 hours B -
e For DBA/AOOQ case, greater benefits through safety margin improvements :
» With FLEX operation, significant improvement of safety margin 0

FLEX Injection Time (hr)

o Utility ATF business case template (#3002018373, 2020)
e Leverage ATF and high enrichment/high burnup feasibility studies to

assess anticipated costs and benefits from the deployment of ATF P
uel Utilization:
» Generic assessment methodology to support plant specific business cases e
Igher Burnu
. : ATF/Higher Barme s
o EPRI Coated cladding gap analysis (#3002014603, 2018) Enrichment Licengig

4 Curr_ent technical licensing criteria and licensed fuel performance codes are Increased Fue|
applicable Reliability
e Suggested new degradation mechanisms ‘

]

=)

FLEX Injection Flow Rate to SG (l/s)
Margin to Fuel Failure (K)

A

6 High burnup/enrichment with Vendors, Utility, NRC Deployment Strategy
» Proposed phased approach (No clad burst, FFRD criteria) Today | 2023 2026
e Study on HPUF of coating, high BU FGR, FFRD Enrichment | 5o | 50 6.7 5%
. : (Wt.%) '
e Alternative licensing strategy (#3002018457, 2020) Burnup | oo.cq | <6568 (nomATF)
* Risk informed analysis of LOCA induced FFRD (GWD/MTU) ) ~75 (ATF)

4 IKCEPCO NF
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0H2l AT S=ALATF IHE S

S22t (EpRI 10t ATF Workshop)

o Framatome (Cr-coating Zr cladding, Cr- i
doped pe"et() g g’ SNCPESHy U.S- ATE Fuel Ml!eeStones @ Coated Claddin
. . eren g ’ . g'émffed uo. iuel
e Full-scale coating machine upgraded SHC Voatl: 3 2 3 { el
» Additional two new prototype machines and on B i_;_i_ L Lo s oo
plant design work is ongoing T ]
» For HBUIJE, licensing activity underway in Sty o 2 o i ~ é |
cooperation with industry, utility, and NRC Exlon Catvrt i $ 3 $ )
ramatome, )
e Internal plant assessment and detailed design for (G @
: : : Xcel Monticello: @® @ ® ‘
fabrication plant upgrades in progress (Framatome) , , ; : ; , , , ,
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

0 Westinghous (Cr-coating Zr cladding, ADOPT
pellet)

e Scale up for production and developing additional ATF Approval Timeline — Coated Cladding [
PVD coating technique for Cr-coating
e For HBU/E, impact of enrichment > 5 wt.% on 2 _
manufacturing facilities, transport, on site storage Lo
o Several licensing works are underway K cclii’g‘in"g
» Extended BU level up to 68 GWd/MTU “8
« ADOPT fuel and coating topical reports gl il rl Sere 3=
h L 1 1 1 1 1 1 1 1
2018 2019 2020 2021 2022 2023 2024 2025 2026
LTAs Installed Testing and Licensing Target ©2020 NuclearEnergy Institute 6
HBUV/E : high burnup uranium and high enrichment
KEDCONF
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Protecting Prople and the Enviromment

NRC ATF #HDI=E HE S

U.S. NUCLEAR REGULATORY
COMMISSION FOR EFFICIENT AND

EFFECTIVE LICENSING OF
ACCIDENT TOLERANT FUELS

6 NRC Project Plan ver. 1.2 (’21.06)

e Proactive licensing activities, stakeholder engagement, independent calculation

» Recently new ver.1.2 issued due to change in industry plans (high BU and high
enrichment)

e Evaluate the applicability of existing regulations and guidance on ATF/HBU/HE

e Continue engagement with industries, utility, and institutes by public workshops
» High BU, Alternative licensing strategy, FFRD

O Interim Staff Guideline (‘20.01)

e Based on PIRT on Cr-coating (PNNL) Coating crack
. o) :

e Supplementary guidance of SRP Chap. 4 and 15. o o)

e Suggested new degradation mechanisms and impact on SAFDLs g N

e Second PIRT on Severe accidents ‘g_ ;..

o) -~

© New RIL reports on FFRD (fuel fragmentation, relocation and dispersals) g %

*SECY-15-0148 (2015) concluded that rulemaking was not needed = §

to address FFRD at that time = g,

- Address recent FFRD research finding and NRC’s = . =)
interpretations Radiation effects on Cr

6 ICEPCO NF
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KNF S==8&

(] Cr-coated HANA-6 cladding

-

X

Surface
coating

& 10 times better oxidation resistance *Excellent corrosion resistance < Arc lon Plating technology

J

= — ——— ————— L[] -—-_
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Advanced UO, Pellet CIMBA Pellet
Si-based oxide Doped UO, Advanced Thermal Conductivity UO, 5
4 - N/~ Si-based oxide - 3
Improved FG retention Metal 1 (CS capturin \ %
g Metal plate + g
| UO, g
G
= Enable reactor operation w/o B
L ] = Safety enhancement by decrease
Q‘ : j) \ in cent. temp )
KKEPCO NF



ISMR £S&t 28 S 78 SHSIIAHI S-S

o6 CIMBA components and manufacturing

Parts Rod
Assembly Assembly

= CIMBA parts production
uo,

(Annular pellet)

1. Burnable absorber

- Produced by & %!

- Procurement after production

<Swaging process>

Top-sect/a- & FA ‘ ‘
g |:> 7Y height [l {1+
; | 2.85 min
) - Lo 1
e ) Active | I
= 2. 8 A AN height | :
Q 245 m I
= { Produced by KNF & KAERI (250 ea) 1
H I |l
5 Technology development and production 1 111 L
Side-section view <KAERI double-cooled annular pellet> :
|
2 KARRI B8 2 M AIZ71EG/4) !
< CIMBA components > - - '
@ A& Zf~ HE H= I
1.Burnable absorber ,“‘u ‘ 6 :
°ee
. Gd,0; with Mo or Nb 23| I
<SR AANYE 23 9“!&2*?:0 '"'J 299
2.Annular pellet: UO, .%;;?!%ﬁ%%;ﬂ;%m
3.Cladding: HANA-6™ Zr alloy + HUS sAEE 23N A
9 mp(CzuscceEszaNszaAd Eas ) ICEPCO NF
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KNF ATF & CIMBA &&3% =& A=

Phase | : Production I Phase Il : Irradiation tests in NPPs Phase Il : Licensing
20\21\2|2}]23Hz4 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 |

Opt. of coating Irradiation Test at Research Rx n
process
Setup Fab. NDE Technol. for PSE
coater Technol.
Optimize
of fuel pellet ﬂ

Licensing
LTA Fab.

ATF Performance Model Fuel Design Code Development o
)

Near-term ATF

Annular = Irradiation test at research
pellet a t
£ £ reactor
o O
o »
(2]
©

Burnable
Test for material properties,
performance eval.
;
SAR report report

10 ICEPCO NF
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We are Here !

Small-scale coating (Lab.)

> Small-scale ZE! 7|= 71wt
« 1m 2 HANA-6 T|E2 7|4t [ & S-7|= 7HE 2=
. TE DMHA0 12 FE D23 SHAIEN T
. FEIE O|HRE EMO|| D2 FE T2 HAIEA H|@ 7}

« Y FH 2=, Al HiX], BRI ®Z=ALO] THE Bk "ot

Full-scale coating (Prototype) Commercial production (Plant)

Coating crack

Coating defect

Coating layer thickness

Coating Delamination

) Fuu—scale iEOIII-HI * i (@) 7IE 7HHI- ST recrystallized grain structure
® Sma”-Scale __?*_Eolél-l:ll 7|H|_|- FUII—Scale _|_EI II’H' 7HHI- —Q—I'E S cutout to show structure

fine-grained,

 Full-scale HANA-6 I| 22 7|8t 3E] X 7|2 7|2t = rogon ot 41 : proyeri
- Im 2 TUDY MY WY SHI ' 2
. HSE Z0|WE U YNE 3T S L 54 B
- - HANA-6 I|S2 HIZ/HAP|& 7Y e e
- AXIH(Cr target) SEAAIZ RIS 2= st sress | e
- QiDL 8T, e HY S 24 I e LS S 0 s s
-G RAY S Z LS HAIE N ETAM, 2L Re= o M
- I8 FF71& =&} A AHE M= i eduton o depoin b sptrg
A. Anders, Thin Solid Films, 518, p.4087, 2010
12 KEDCONF
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Cr d& HANA-6 II| =

© 1m long Cr-coated HANA-6 cladding is already available
» Dense and very homogenous coating layer with strong adhesion on HANA-G tube
e Uniform coating thickness in axial and circum. direction (less than +/- 2 ym)

14
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T ARSI SHA

0 1200 and 500°C =5 7| ™ 12431 A

e 1200 °CO{| A 2k 108 Q| D245} Xetd

o
o TEZ MAYR L O| MM E ZESFO 2 024

SHE0| gig

x -+ — - =
o AYS MAE=2E Ol5t0| M= 2 SO HE
of Med Halot LIEHE
25 T T T T T T T T T T
1200 °C steam oxidation test Closed : Total WG
| TGA /PQD test results Open - WG on coat|r_1g layer 1
204 —— = HANA-6 . i
o~ —— « Coated HANA-6 A .
= =
L2
o) .
E 15 AN Two-side WG data -
c a from 32 samples
£ T
(@]
_-E) 10 . ' -
g H Extract WG data
. 0 on the coated surface
5 ] . i
0 ‘\*\w‘%&wﬁz| i @ T T g T T T T a T
0 200 400 600 800 1000 1200

Time (s)

15

Weight gain (mg/dm?)

— —

RS

© o
|

—

o

o
|

80
60

40 -

layer

HT

Coating with
defects

180 1500 °C steam two-su:le OX|dat|on test T

1— 3HANA46
160 -

20 £

Time (hrs)
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—— HANA-6, 20% CP-ECR
—— HANA-6, 25% CP-ECR
—— HANA-6, 32% CP-ECR
—— Cr-coated, 20% CP-ECR
—— Cr-coated, 25% CP-ECR
O(ZF(O) Cr-coated, 32% CP-ECR

50 1 00 1 50 200 250 300
Position (um)

= Oxygen rich a-& 4% X| &
2>
7]
5
Cr coated -
p-B
a(O)
Zr0, 0
300
250 -
200 |
z
Ave 25.0 ko)
g 150 |
-
100
50

——HANA-6

Cr coated HANA-6 (Case 1) RCT

Cr coated HANA-6 (Case Il)

32% CP-ECR

(=] 50 um

Displacement (mm)

KCEDCO NF

16
COPYRIGHT © 2021 KEPCO NF. ALL RIGHTS RESERVED.



o

Stress (MPa)
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Ol
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KEPCO NF

4.5 .
| A& Uncracked Cr layer (all data) !
= 404 ® Cracked Cr layer (all data) i
3 ElI = OCd HFAH -~ { 4 Un-cracked (Opt. process)
-—-oo E- = 2O AI E 3.54 = Cracked (Opt. process) .
e UTS ﬁ%i%OﬂA—I I:éI-ACI; % 3_0_- n . |
- AL FEHEHO Wt £, ] : ]
uts 57t 8 5 .
E 2.0+ L™
m < N = ]
& ng Egl' %1.5— e
. 1 ]
» IS EF (ZE Z=H) % 1.0-—# A
of 2t PR HA L YU H 2 ]
=1} R
— 0.0
o Z|X S7HA|, OHEAO &= & — . . . ,
g oE oS 00 0.1 02 03 04 05
Strain (mm/mm)
| \Interrupt RTT test\
i
Cracking of
coatina laver at
\.«Vuhllly IM]UI “vuu

Strain

g
SEl  10kV|

KEPCO NF

SEl  10kV

ﬁ\mmmmm SS60

15% ;éirgin

i
il

x1,000

51% str
5 !

:
o |
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Gauge section : 24.5 mm Mandrel section
Deformation region: approx. 30 mm

— 40 +

I 1
1 T
1 1
1 1
1 1
= 1 1 <
B 1 1
5o | :
]
S 1 1
k=] 1 1 /
S 20 1 1
£ | i /
3 1 1 ,./’
2 1 1 =
o 10 o 1 ! -
1

T
60 50 40 30 20 10 o
Distance from tube rupture (mm)

25 T | T | T T | T | T
1200 °C steam oxidation test
| TGAIPQD results 1
1l ——— = HANA-6 = _
20 .
o —— ¢ (Coated HANA-6 =
g ] — Cracked/partially spalled coating ]
B —— A Cracked coating (non-dens_mg)
e 154 — Cracked coating (den"ing] i
=
5 ] ]
(@]
= > g
o 101 - 1
O
; | |
5 Burst & Tensile specimens
0+ T T T T T T T T T T T
0 200 400 600 800 1000 1200
Time (s) o

18
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AT A

e Reasonable corrosion WG despite of cracking of coating layer

40
| —=— Adv. Zr alloy tube

35 |~ A - Coated Zr tube (1st)
| — ¢ - Coated Zr tube (2nd)
— » - Coated Zr tube (3rd)

e 301 _ ¢ - Coated Zr tube (Tensil

E ]

D 25 -

£ e

£ 204 Cracked coated layer " ; ¢ _a

S SIS 2

Z 15- X

> 1 /< T TTTme——

o 1 /@ TTTr==-=-_
< 10-

I I
0 20 40 60 80 100 120 140 160 180 200 220

Days
19

o Corrosion test in 360°C water with PWR water chemistry &
e Excellent and reproducible corrosion resistance in Cr-coated HANA-6

Gauge section : 24.5 mm

=
Deformaticn region: approx. 30 mm

After 82 dgys in 360°C water
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Full-scale Cr d8 338J|= &

Full-scale Cr-coating Facilit Cr-coated Tubes

1 B

Y Q £
W
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= Thickness by Calotest

R .MWFM.L' il
.mnmmmﬂm,m it § i fzwllﬁzfu

Coating thickness (um)

Thickness by Laser micrometer]

—
0 500 1000 1500 2000 2500 3000 3500 4000
Distance from Bottom (mm)

22

Case |
Case |l
Case Il

0.53
1.13 1.08
1.46 0.25

Avg. coating thickness
I Laser micro-meter
m  Calotest results

Coating thickness by Laser micro-meter

Coating thickness by Calotest

2 3 4 5 6 7 8
Position
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s=i0bl 88

o

2l X j | == )H =1
o/l&= —
. . Welding PQT w/ partially Welding PQT w fully coated
Risldweldingitest coated cladding cladding

STHOE7H 2™ PQT (Proc. Qualification Test) =%

» HIPER16 7|Et 2 CHO) 87 7|4t

. 4OtE ZEIOPY 8 B 8H +3
o BRZA (I, ZN, 24, D243 A
. BY +8 3, 0128 28

‘ Partially coated || Fully coated
_ = 74N )
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QOF (Major Achievement)

Small-scale
coating (Lab.)

Full-scale coating

(Prototype)

Commercial
production (Plant)

»1m = D=2 78 3-Y|E JHE
- D BYA0| W2 IS HYSH U OHES
. DY TEIY £F Udim 2Y 3 Y B
- 2 AR SO M2 2 S HI}
TS RO 2 2 SYYE Yt
- 25 S FUE, 0137 47 S 4m 3 2 FH| 7

y4m & I m|FE M X7|= 7|
* Full-scale & ZHH| 71 2tz

« KNF NSA(=24t8 2 XL 2 =
- DB SH7|= e Sl XM FE F
= a1

o o

- 87, olBiQioy, XS M A

 CHBE A1Z HIZTIE WY
« A Full-scale D& ZH| 7|Ht CHE 2

ySHo g MA|7|= 7]
- AYMEH Y5 DE N X A I B

|
= A/ R/ T Y/RIISH A 2O 41747|% 7)

O I_

r
B
A
k¢
>
N
T

25
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H= & qualification &0]’d

21517t 0|8

[
\

o

J

0[Ir

G
=)

QtH o Rk ZH (FGR, HAEE)
F7|Y safety margin 4 (RIPZL)
I}= MEA| Bust & ballooning 918

& HEHO| A PCI margin M1

LTR 0|

Doped UO,

5

-

2Z8H7HH =49

‘/ Lazos'A|203'Si02 (LAS) doped UOZ
v' 1,000 ppm

BHA o=

BYGE RA = HE

w

N
T

1450°C/%% 32 243 20 MPa
3

7|1E V0,8t EY & HYEUE
2
. LAS - UO, _

Total creep strain (%)

Mo‘

o

Totallcreep strain (%)

07 Test time (hour)

O 246 & 10 12 14 16 18 20

6 8 101214161820
Test time (hour)

Commercial UO,
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M7t (99.9 wt% UO, + 0.1 wt% LAS)
v I8 48 3 M8d HI ¢t=s

LAS Doped UO,

oA \' D) ‘o-— I 2
OfAF SEAF

Gra|n size 3
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™

SO F71 - F2 58 /% &

dim

re

817} 2| A3} l

oot

== e [ ==

£0

500 ~ 1500 ppm
(Al, Si &2k ASTM 7|& O]
Sh)

s

"7t "ot

(La ASTM &5 813)
UE 7|2 U0, 8 E= T
gd%d 7|& vo, 3¢
FHELE 7|1& vo, ¢
HWArAe 7212 vo, 3¢
=7l=0| 7|Z vo, EY
Washout 72|12 vo, &Y
BEZHOM HEYE 7= Uo, ¢

>

>

AX} 37| ~ 30 pm (&8 8 um)
. AZALUE 97% ALB 7Hs
ot2f Ol O A = == (=) =)

SR (7IE U0, 2ZAYUL 95%)

FGR (H& & ItE) 7|= U0o, tiH] 1/3 MZ o &

Cs 28 7ls 7| Uo, CHH| k&t of &

HBS X 7|5 7| & vo, CiH| & o &

+37| 22t e 7|& U0, CHH| Skit

A2I™ HIZ M8 s

AL XA cooo o ‘o

°e ece° (qualification M & 7}'5)

1A 2t S HAE 9 4% (& U0, = 0.3%),

(1450°C/40 MPa ) BHolEZ2H 715 o4
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ATF 2 Z Kl (Thermal Conductivity/FGR (T/F) JAAM UO,)

T/F UO, (MoLAS)

AL _I A
TF 7§ vo, Mo plate (KAERIV 7') ﬂ + As }_ (KNF 7|%)

VEGA3 TESCAN

KAERI

BUELE J7t &
FP SMSE Z2

[

548

=

£ 20% HAa

HMEL 7|Z= U0, CHH| 1.68] =7}

= 3 vol% Mo metal-pl & .t 7 = S
= -plate + 1000 ppm LAS = 3 vol% Mo metal-plate + 1000 ppm LAS Adayoc - =712 Eo} SHAFSE ZFA
% 2.0 b Measured thermal conductivity @ 1000°C 3 26 b Approximate calculation of fuel temperature decrease =1 e I‘E S = FP = = -
3 (] due to pellet thermal conductivity increase +
2 . S ul 21.4£1.4%
L _— o | .

© g 16 F 6 @7 E +
% i .¢ % 20 _QOQ L

— - e
£ 14} 1 .6410.07 times T | +6.4% Si 7|4 ZEEAE ST FP capturing
2 HYH 7|& K5 1.25 E ~
=1 A 16 | -
8 2 /8% 48 3W MN8N Wit =

14 - .
I 1.0 I 1 1 | 1 1 LE L 1 1 1 L 1 \/ 'g_xo-l _*_II_'!QI' II_IQCL'I %
1 2 3 4 5 6 1 2 3 4 5 6
Sample # Sample #
29 ICEPCO NF
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1000 ppm La-Al-Si-O
+ 3 vol% Mo metal

7|E uo, 3
U SHHE A| 27N WHE
UO, CHH| 2F 30% X{Zt of| &

o
7|& U0, CHH| 2F 1.78} kAt
EHE 2% 2F 20% X7

7|= vo, CHH| 24t

7| UO, Cit| B4t
AT B2 HZ

oF 27 pm (&4& 8 um)

H=S =Y 474 2R

QOIS E BN R B £F 55 7Hs)

7|&£ Vo, Cid| 1/4 +=2 2
XZt ol 4530 GWd/mtU O] 4h

7|E UO, ChiH| 2 of| &

EHCE Y A S NAoR
PCT 2f 10-20% X{Z Oi 4

AT FRUHY Q|

7|
(_T'_I-I

I
1> 0>

g 3 U FH EE8 7S

%|Xs} 9 qualification E8)
SEf QPO R = Bk
SI=E2H +871s)

rE

[= =]

]
H

I

(
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ATF HINH S SdXSM HE E= (KAERI/KNF)

— 7|1E 7= ~
e N )
- 7|12 Hoj28 8K 548 (B,0)2 T= M (Inconel-625) 38EHS
(2F 1080°CEH)
o Ma/=FI| 271001 AStERS (2 700 CCRE) X A 2l
« AL Al HOj& =40| R HCH MBS0 QtH et SHoiE =t
ZIA
(i AL
« AL Al T A (recriticality) &% 7tsd T, = 1480°C [
_ Y,
. J
7 HF 2>
. EXOP B I ZRYISUX| { N
i
s|E= —~ - : WW%% ]
I@}'g - JIE N[0S/t HEY =X : AATY :
i
== ——— | SHRESH |
S0, GALOs, . $357| Mot M ok I on o
E,O; Dy,0; & | ARsidl=E
_ " i
« ZAFHR OPE’d 9 Life-time 2t : — :
i
= = . o ggBHer 1 ‘ ‘ 1'
* 7|= ZSMX 44| B,C CHA| A%H = a8/fE= \ o
3N ICEXCONF
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ATF ML =[HAI1] OHA! (Preliminary)

o0 Safety analysis for candidate ATFs in LBLOCA and SBO without active cooling
system (MAAP)

© The rate of temperature rise and hydrogen generation could be remarkably
reduced by application of ATFs

3500 —— . . . 300 S
- j ! —=—U02-Z1}]
3000 «'.'.—..N“ o 250 —e+— LAS-Crf
' 3 ' —+ TECr |
? 2500 | = 200 rm'_,--
& 2000 3= -
= : S 150
2. 1500 2 | f
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