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Abstract — Nuclear energy is expected to meet the growing energy demand while avoiding CO, emission. However,
the problem of accumulating spent fuel from current nuclear power plants which is mainly composed of uranium oxides
should be addressed. One of the most practical solutions is to reduce the spent oxide fuel and recycle it. Next-generation
fuel cycles demand innovative features such as a reduction of the environmental load, improved safety, efficient recy-
cling of resources, and feasible economics. Pyroprocessing based on molten salt electrolysis is one of the key technol-
ogies for reducing the amount of spent nuclear fuel and destroying toxic waste products, such as the long-life fission
products. The oxide reduction process based on the electrochemical reduction in a LiCI-Li,O electrolyte has been devel-
oped for the volume reduction of PWR (Pressurized Water Reactor) spent fuels and for providing metal feeds for the
electrorefining process. To speed up the electrochemical reduction process, the influences of the feed form for the cath-
ode and the type of anode shroud on the reduction rate were investigated.
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Fig. 1. Schematic diagram of the electrochemical cell; (1) Pt anode
with MgO shroud, (2) cathode basket containing UO, forms,
(3) Li-Pb reference electrode and (4) 1 wt% Li,O-LiCl molten
salt. Reprinted permission from ref 45. Copyright 2014 Elsevier.
1. Shroud 9.U0O,
2. Pt plate 10. Cathode wall
3. Cup-shaped Pt 11. Center rod
4. Flow of O, gas 12. Stainless pipe for the cathode

5. Alumina tube 13. Li-Pb
6. Stainless pipe for the anode 14. MgO tube
7. O, gas outlet 15. Ta wire

8. Pt-connected stainless rod 16. Teflon cover
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Table 1. Characteristics of the tested UO, forms. Reprinted permission
from ref 44. Copyright 2013 Elsevier

Type . Density ~ Size*  Testedrun
symbol Type (pictures) [%] [mm] no.
A-1
P-55% 55 ¢6,8(H) B-3
B-5
B-3
_600 _
P-60% 60 ¢9,8(H) B4
A-2
P-70%  Cylindrical 70 ¢8,8H) B3
pellet B-4
B2
P-80% 80 ¢87(H) B3
B-4
A-3
P-95% >95 ¢10,12(H) B-1
B-4
Crushed lump

- 0, - -
P-95% aoftypeP-95%- >95 4~9 A-4
Crushed A-5
P-95%-b particles of >95 1~5 B-1
type P-95% B-5

o
£ \
G-40%  Granule 0 15 A
\ J B-2
LS ’?
\._./

*The sizes were measured in ambient atmosphere.
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Fig. 2. Plots from the electrochemical reduction of P-55% inl wt%
Li,O-LiCl at 650 °C: (a) the cell voltage time, (b) the current
time, and (c) the cathode potential time. Reprinted permis-

sion from ref 44. Copyright 2013 Elsevier.

5

(®)
Fig. 3. Photographs of the UO, pellets (a) before electrolysis and (b)
after electrolysis (run no B-4) in cathode basket (1: P-60%,
2: P-70%, 3: P-80% and 4: P-95%). Reprinted permission
from ref 44. Copyright 2013 Elsevier.
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Table 2. Simultaneously performed reduction results of UO, forms in 1 wt% Li,O-LiCl at 650 °C (constant voltage electrolysis-3.2 V). Reprinted
permission from ref 44. Copyright 2013 Elsevier

RunNo uo, Mass No. ofused Applied voltage Current Electro-lysis Photograph After Conversion fraction
’ forms [g] pellet [V] [A] time [h] reduction to metal U [%]°
P-95% 18.0 1 46.0£4.0
B-1 3.0 2.8t03.5 12.1
P-95%-b 18.0 - 97.0+4.0
G-40% 7.9 - 100.0£0.5
B-2 32 491t05.1 2.10
P-80% 7.9 2 874£6.0
P-55% 32 2 100£0.3
P-60% 3.7 1 86.0£3.5
B-3 32 34t03.8 2.59
P-70% 3.6 1 96.4+0.5
P-80% 3.8 1 95.5+.0.5
P-60% 32 1 68.0+4.5
P-70% 3.7 1 96.0+3.9
B4 3.0 3.1t034 2.36
P-80% 3.6 1 90.0 +4.1
P-95% 3.8 0.2 120+£5.6
P-95%-b 7.8 - 95.0+3.2
B-5 32 3.5t03.7 2.80
P-55% 7.8 4 97.0£2.7

Korean Chem. Eng. Res., Vol. 52, No. 3, June, 2014



go|2IR2ANE 93 ekl 39715 A 283

Table 3. Preparation conditions of porous pellets. Reprinted permission

from ref 44. Copyright 2013 Elsevier

uo, Dimension of  Applied pressure for Sintering
forms mold [mm] pelletizing [MPa]  temperature [°C]
P-55% $ 6.0 x 8.0 (H) 100 1350
P-60% ¢ 10 x 8.5 (H) 300 1200
P-70% ¢ 10 x 8.5 (H) 300 1300
P-80% ¢ 10 x 8.5 (H) 500 1400

Run B-37} B0l M= The UEE 2= fehgitels 22
A £E= v WAt} P-60%, P-70% % P-80%= run B-3%}
B-40A B AREEI 0, P-55% run B-391A4TF P-95%:+= run
B-4oM %k ARg-510] AE3ITE Run B-3914 P-55%% S WL
o} 22 A7|2 Q13 100£0.3%2] S-S Kol $3] G&50=
HE ol vl vhA] 2 AR AkshEe] ool 21S Bkl
sk = ATk Run B4olA] P-95%2] 2453882 B3} 12.045.6%
2 TR thavd Al nisle] dEA3] e HgS HYS ol &
= doiek, FEE uk 3 ARLE run B-4ollA] P-60%2] S48
o] ke dof = B350l 68.0+4.5%% TRE theAd =l P-70%
o} P-80%0l| nlste] Srhk= Zlo] i}, ofe|sh Awte] A1 P-60%
o] A71¢] Aol Ztola 4= QITh. P-60%, P-70%S} P-80%= Tf
373 A Az oA FU3 Exof felgitslE vedE W
3L 7kbe § Adshs S o] 8 W WEE 2 et
= 317] 9130 Table 37} o] M2 th2 4H7 22 25 AMES)
o A z3I}, o]2] 3k IgoA] P-60%= S A LE9) S A}
g3to] AF0] 0.51 em’Z P-70%$} P-80%7} 212} 0.40 cm’9} 0.35
em® o] Blal] Ao oR & FuE ZHA Hict WA, o] & FEl
AuEAe) Urrt) 717} Abho] 9] o)F Lol o] & Pk
n3] Asf gk e] HEE AYsh=t] 71ofsitka & 4= glet. o]efgt
A5 AP 2719 YA JTF2 vhed 22 p-55%s} HlTtksAd P-
95%-b2] FYAEEE B wd run B-591 % Beleh 5= Q)3ic). P-
95%-b] HE7} P-55%¢] vlste] @A5] H5ole Eakal AR
FEATES B o= 15 mmEE9] A} H7) wjo|t),

Fig. 4= Sehgikskze] 3k 4, 9] nhl725 Hojga Qlut.
I oo A2 AJo] 28] UO4(Fig. 4hy= €] aL2Aks) 3748 A3
Az thed $eheikebe-2 Fig 4a8} Fig. 4collr] B vk} 7F
o] QIAzt Ado] FRska Zh BAE)7) Qe S FElE A
o] v]u3A (Fig. 4e9) Fig. 4g)v= thxd o7 we 7)go] #3t
It Fig. 4b, Fig. 4d 9} Fig. 4PIA & 5= Ol 249 95502 &
A Folli= Abkio]2o] wuir} Ehel el nlste] AAJs] 7]zl
Soldt S o - glom, EdE S5A7]2] 9A B3l (sintered)3L
SR F450) Wirajol g Qe x4 So] Uojdt AL
lgk = ASATH20].

AR R U SetEalelE R A Qo) ikt
rare earth®} noble metale E3Fs}11 AT}, whebA Table 42 %719
Yz T3 BO] ARE-$8A 5 (SIMFuel, SIMulated high burn-up
nuclear Fuel)g 181 ERQJOR A|lZ=sle] sl As s
vl ot} SetEatelES FE5ASAR Hajgkdsly] Slske] o)
Aslge] 150% F5=7F B e vbd SIMFuele] 45 o] 714 &
& a7t B3a o w e o] glo] #ele) t] B Halo] a7
e & = 33Tt o] AsFe 250%E a3l e vl $ehEat
3HE2] 99.6%7} 2502 A3kE 11 rare earth?} noble metak 37

Fig. 4. Cross-sectional SEM images of (a) unreduced G-40% (3000x),
(b) reduced G-40% (3000x), (c) unreduced P-60% (3000x),
(d) reduced P-60% (3000x), (¢) unreduced P-95%-b (1000x),
(f) reduced P-95%-b (1000x), (g) reduced P-95%-b (3000x),
and (h) U;04 powder (3000%). Reprinted permission from
ref 44. Copyright 2013 Elsevier.

Table 4. Chemical composition and surrogated oxides added to UO,
powder as fission products. Reprinted permission from ref 43.
Copyright 2012 Elsevier

Impurity Elements in Surrogate YElement
groups SIMFUEL oxides composition (Wt.%)
U U0, 94.459
Y Y,0, 0.084
La La,0, 0.226
Dissolved oxides  Ce (Pu, Np)® CeO, 1.342
Nd (Pr, Sm)® Nd,0, L111
SUM 2.763
Sr SrO 0.150
Dissolved oxides/ Zr 70, 0.667
oxide precipitates Ba BaCO; 0.326
SUM 1.143
Mo ) MoO, 0.624
. Ru(Te RuO 0.566
Metallic I({h) Rh,0, 0.064
precipitates Pd PdO 0.290
SUM 1.544
Oxide/metallic Te TeO, 0.091
precipitates

DWith 60,000 MWd/tU burnup and five-years of cooling.
YElement in parenthesis was replaced by the element in the front of parenthesis

o] Aeta £ 0% Qlal| fehgatshEel nlel a0 = Skl
[N o o},
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Nonporous
shroud

VS

Porous
shroud

IS

i

Anode

Anode

Cathode Cathode

Fig. 5. Schematic diagram of comparison between the nonporous and
porous anode shrouds for the electrochemical reduction process.
Reprinted permission from ref 45. Copyright 2014 Elsevier.
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25 tiARIgTE Shroud?] A ZE YW o ® FH
MgO= AR50t 0] 749 AlAho) o] 13]%] ok MgO2] slet
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b TR shroudS ARS-SHHA SR of2} Sl Aks
o]2] o]go] 7FsslE R AFUErF IE 4 3l Flolot (Fig.
5). WebA], & ArellAl= vhaAd W BTk A shroudE ARE-So] 9
HgatelE ] Halghls Fsho 2 thad shroud?] AMS-C =
&l Avht AFUE7} e 5= l=A AFsISIT Table 601 A
43t shroudE g 2lsk3lth H|tha4d shroud =+ MgO$t MgO
stabilized ZrO,(ZrO,-MgO)E AH8-3}31 1L Thsd shroudZ+ ZrO,-
MgO7} TR STS meshe} THEA] ¢+ STS mesh(20, 100, 300
mesh)E ARSI TR A3 Z27do] 5dgh el shroud Whe
wAsle] dafjge AHs 7S Table 701 YERAALE 71547
S 24 Run 19145 shroud®] AHE- glo] AafighedS F-as3l=tl
W A o)A barrier’t EASHA] kot THEHES Ht A U=
(0.81 Acm?yE B o} Abs 7pA7) At 51 glof ]9 F-2415
ZASISIC ¥Ithd shroud ©]-8-$F Run 2(MgO)2t Run 3(ZrO,-
MgO)lA Lozl et A5 F=s 2HE 0.34 Acm™?9) 0.40 Acm’™?
© % Run 1°] Hlate] @A3] SIGk=H], o= shroud® 18k AkAx0]

Table 5. Post-analysis result of the electrochemically reduced SIMFUEL particles. Reprinted permission from ref 43. Copyright 2012 Elsevier

Sunplied Elements
uppa)l eo Fuel u Rare earth Noble metal
charge® [%]

u Nd Y La Ce Zr Mo Ru Pd Rh

150 Metal [%] 88 6 6 5 7 83 36 77 58
Oxide [%] 12 94 94 96 95 93 17 64 23 42

250 Metal [%] 99.6 53 74 50 51 55 78 86 100 67
Oxide [%] 0.4 47 26 50 49 45 22 14 - 33

dSupplied charge (%) to the theoretical value for the complete reduction of the SIMFUEL particle

Table 6. List of six types of the anode shrouds used for the present study. Reprinted permission from ref 45. Copyright 2014 Elsevier

Nonporous shroud

Porous shroud

Run 2 Run 3 Run 4 Run 5 Run 6 Run 7
Dense MgO (3wt%) MgO (3wt%)-ZrO, coated STS 20 STS 100 STS 300
MgO -Z10, STS 40 mesh mesh mesh mesh

Before electrochemi-cal reduction

After electrochemi-cal reduction

Korean Chem. Eng. Res., Vol. 52, No. 3, June, 2014
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Table 7. Results of the electrochemical reduction of UO, using various anode shrouds. Reprinted permission from ref 45. Copyright 2014 Elsevier

Shroud Run Photograph Initial  Li,O conc. in the Li,O conc. within ~ Average Electro- Electric Cell
o Shroud No after Li,O conc. bulk electrolyte the shroud after currentdensity  lysis  charge passed voltage
P reduction [wt%)] after OR [wt%)] OR [wt%] [Acm™?) time [h] [%] [V]
No shroud 1 1.05 1.01 - 0.81 1.3 150 33
MgO 2 1.09 1.06 0915 0.34 35 150 33
Non-
porous
Zr0,-MgO 3 1.06 1.03 0.922 0.40 2.8 150 33
7r0,-MgO
coated STS 40 4 1.03 0.98 0.940 0.76 1.5 150 33
mesh
STS 20 mesh 5 1.03 0.99 0.947 0.79 1.4 150 33
Porous
STS 100 mesh 6 0.98 0.96 0.945 0.77 1.5 150 33
STS 300 mesh 7 1.05 1.00 0.941 0.76 1.5 150 33
STS 100 mesh 8V 1.01 0.970 0.950 0.77 1.5 150 33
Porous
STS20mesh 9% 0.980 0.950 0.940 0.46 2.0 150 3.0

DRun 8 was performed after the STS pipe was replaced into MgO for the connected pipe with the STS 300 mesh shroud (see Fig. 9¢) The other experimental

conditions were same as those of Run 7.

YRun 9 was performed to monitor the change in the potential of the STS mesh shrouds.

28] o]Fo] drit AHARIAE & 5 QA k= Ao 3 5
ST}, 184 Zr0,-MgOF bending strength?| /=214 600~700 MPa
170 MPa2] MgOell B3l @A3] o} A4 o= 1} A8-Aolz}t
1 & 4= 9l Zr0,-MgO7} ZH ¥ STS meshE shroud® ]2t
RundelA] Gojzl 3t AFUEE 0.76 Aem™C. % vtk el v]s}
of @8] oot §-54 ol EAllsh= Li g5ox I8 249
Zr0,-MgO7} /3= Sl50] 1=t T EZ 0] §lE STS mesh

(20, 100, 300 mesh)E shroud® ©]-&-8t A A= 5 Zr0,-MgO
7} FE ¥ STS meshe} AR AFHA =S AT} STS mesh shroud
AREE] - 8% el 715 22 mesh wires &4 §lo] <t
st A0 2 e o Akt vt SR 8897 71 Al
A1 9 FAE 480~630 °CollM= F-2] o] | Qlth(Fig. 6). Wk
A F=e] F2E Fig. 60149k 2ol Aas 23het AR-E Ul
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Fig. 6. (a) The measured temperatures at the vertical positions on
the STS mesh shroud and its connected pipe, (b) the photo-
graph used for the anode shroud connected STS pipe Run 5
and (c) the photograph of the anode shroud connected MgO
tube modified for anti-corrosion (Run 8). Reprinted permis-
sion from ref 45. Copyright 2014 Elsevier.
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Fig. 7. Schematic of a 17 kg-scale electrochemical cell used in the reduc-
tion of porous UO, pellets: (a) top view and (b) front view.
Reprinted permission from ref 46. Copyright 2011 Elsevier.
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Fig. 8. Photographs of (a) the cathode basket containing porous UO,
pellets before the electrochemical reduction, (b) a porous UO,
pellet before the electrochemical reduction, (c) porous UO, pel-
lets after the supply of 134% of the theoretical electric charge,
and (d) a cross section of a porous reduced UO, pellet. Reprinted
permission from ref 46. Copyright 2011 Elsevier.
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