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Comparison on Nuclear Design Concepts of Thorium
Fuel Assembly for PWR
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Abstract

A variety of performance indices are used to measure the nuclear characteristics in fuel
cycle economics, proliferation resistance, radio-toxicity burden and environmental adaptability
for thorium-based fuel designs. The comparison between the base uranium fuel cycle and the
thorium fuel cycles was shown. Thorium-based fuel designs were evaluated from an economic
perspective. Economics evaluation based on the front-end fuel cycle was performed. The

front-end fuel cycle cost was divided into four steps: mining, conversion, enrichment and

fabrication.
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Blanket
21.6
(U+Th)O2
U volume
fraction ~0.2
U enrichment
< 10%
264
0.4025
0.0085
0.065
0.476
1.27
I

KTF-KHU Design
21.6

Seed
21.6
U/7Zr
metal alloy
U enrichment
< 6%
264
0.33
No
0.006
0.336
1.27
25

Blanket
214
(U+Th)Oq
U volume
U enrichment
< 12%
289
0.4095
0.0085
0.057
0.475
1.26

fraction ~0.1

214
21.4
U0O:
fraction ~0.1 | U enrichment
264
0.03
0.415
1.26
50

WASB-MIT Design
Seed

~ 20%
(Er203)
0.28 - 0.377
0.0082

0.0 - 0.28
(Fuel)

Blanket
214
(U+Th)O2
U volume
U enrichment
< 20%
156
0.0085
0.057
0.475
1.26

214

RTF-Galperin Design
Seed
13.83
U/Zr

metal alloy
U enrichment

< 20%

108
0.0 - 0.20
(Fuel)
No
0.03
0.415
1.26
41

(Zr filler)
0.20 - 0.385

37}

5 AA A4

o

Parameter
AA s

3l X
i

Fuel Assembly
Dimension, cm
Fuel Material
Composition
Number of
Fuel Rods
Fuel Pellet
Radius, cm
Gas Gap, cm
Cladding
Thickness, cm
Fuel Rod
Radius, cm
Fuel Cell
Pitch, cm
Core Volume
Fraction

Size, cm
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Th-232, U-238, Pu-24053 7 &
24 =49 A 2de YElE Hes
}‘1 ofef o 7EL = f’q °(Breedmg Ratio, BR) % A 2k&(Conversion Ratio, CR)S F& A}&3F
v} 2]y BR#% CR—Q- A Zboll wel WEly] wEo] Ao uwElHe 22 ZTo AIATE A
2o AAEARNS WEeA g = vk webA °]7§ 713 Ete] ddnm g o

=2 B
s 5AS

2 17| fEiAE ?ﬂul"'?" A 237 &= W3 v]&(Overall Fissile Inventory Ratio, FIR)¥} &4
d 4 o5 (Fissile Gain, FG)<& AH&3t= 3lo] B3ttt FIRY FG v o] Aol

Fissile fuel amount at the end of a refueling period

FIR = Initial fissile amount

Discharged fissile amount — Feed fissile amount

FG = Feed fissile amount

¥ 2+ PWR, CANDU, RTF® KTF9 FIR, FG 3= vadk Ay, ERFloAs 240
Zou Ao AE =4 &S AT 5 A
¥ 2 ddgo uE FIRS FG
PWR |CANDU RTF KTF
Seed | Blanket | Seed | Blanket
FIR 0.35 0.72 0.21 1.01 0.27 0.87
FG -0.65 -0.28 -0.79 0.01 -0.73 -0.13
32 Ak A8k
etk A g LAl oA AFEE dldRe] EFERSY F TAHY 92 AU &0
A4 ] x4-o] dArf. F AHEF A5 Hol J&E TFEFOE Al gHoR B 84
o7 dFIE TE § Jduvpl EAely. Iy ER oo} Ze EAC disk gk A S
Agstst A 57F AFgE ] gk
- WE7] Az Hagh dAEAY EA H4LAFS A}
- 49 HY BEH e AW AR EEH MVE AHS
- Actinide2 € o] WA st= dFS A3t
o] 7zt & g AEA AFA XF2A] AA A ZF(Bare Critical Mass, BCM), A4k &
d S A (Spontaneous Neutron Source, SNS), & @%% (Thermal Generation, TG)E AFH&3} %
o Aol ofgfe} Frt

1. BCM : A8% ddRoA F5H ZFEFY A Z FiAA AA A4 G- (Bare Critical
Sphere) A|Zo Q3 ZFEF FHrdF
2. SNS : A} €% AN FE2E ZFEFY ZAVNAN EFEF G2 E3T SE2H= T

A PEE



ofA ¥ dint. mEbA o] AfErtow A AP L 2
# QRS ARk RTF9 KTFelA = Ads s 25279 $30] 9453 Honz F3v4
AAE AR SR A Jhde] 23 G

=3
w
i
ut

Ex 244 wE BCM, TG, SNS

RTF KTF
Seed |Blanket| Seed |Blanket

PWR |CANDU| MOX

Burnup
33 7 33 30 100 40 100
(GWD/THM)

Pu-238 0.024 | 0.00095 | 0.019 0.065 0.120 0.031 0.077
Pu-239 0.584 0.6753 0.404 0.465 0.383 0.481 0.418
Pu-240 0.240 0.2577 0.321 0.225 0.150 0.268 0.178
Pu-241 0.112 | 0.05326 | 0.178 0.155 0.147 0.142 0.155
Pu-242 0.039 0.0128 0.078 0.090 0.201 0.079 0.172

BCM(kg) 14.50 12.78 1569 | 1426 | 1545 | 14.07 | 15.20
TG(W/kg) 12.58 3.76 1384 | 4168 | 7266 | 1759 | 45.77
SNS(MBa/kg) | 0.416 0.261 0.726 | 0527 | 0.790 | 0407 | 0.656

3.3 g 7t

F4 dEE SZQLFP)o U3t dwst 5= dd 9459 sz A4 AZEAT
A4 37 dElYol=(LLMA)Y 44 AFE A #ES = gt %925 (Transuranics,
TRU) Y4259 HIrlEodA & = 5o Be "dlF(Daughter Nuclide)E 2ol WARA B3¢}

3] 5t
o =

i B
Hrdo) Huaty] Wil AW A5E e %
Ke) o

it

o8] AAE TA;E Pu-239, Am-242m, Cm-2457}
o =7] wjio)t},

T AT AWMt glo] dAWI MHeFEes AL £ JdE AxEZ Fayidug
(Effective Fission Half-Life, EFHL)E W3 X +2 ALY a3l &Edbdr]e] A oo
g 2S FEste vy oS3 2

T prur=
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ofzte] Apoli= Hojup tiAR MlE WS ey o dFAARE
ol At w& R sHETE AR A $oAdE EFHLol LLMAS H3kgS
el g 9ls Aotk

Effective Fission Half-Life (year)

PWR CANDU (Seed) (Blanket) (Seed) (Blanket)
a9 4 A5 F7]d & EFHL
4. B 54 37
g dzsh dasst dejdel=e] Suge A A7t dus
A7 BAMEEAES A dE Yo s d@FES AEste] A S S Fo
=9 AL AT Akl AFAA YA EH S ALgSh olde]
A=A S 37FA] Reference  Doseol <A 3le] 24359t}

RTF

RTF

KTF KTF

s u% g

A Fwlt} EFHLO]
e RGO
AskA b

Maximum Permissible

Concentration(MPC), Equivalent Cancer Dose, Annual Limit on Intake(ALI) Z1#]t} WARA = Al

o BAe tha Bie
o oW ATl AE,
Fo Az PAYEA A

41 ALI®| 273 WARA

ICRPAI A #3518

o714 R(t) = A7 tol A 9]
A(t) = AIZE toll A 9
ALI = A4
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N(t) = AIZF tol] A2
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A2 Zhzy vlwskal 71 Al g S vudtorA dds AAES Hrhskith

FAgF7I= ohEditds dazdde Fdd AAsE Gt Ao AAI AHEF
AR E AAEAANA &3 AF o] AxE AFs7v £ Axe 2 AAEsE & AHES
Az AFAYAA FrAAR FiRE A= A8 dAEF 7] (front-end fuel cycle)#t 3
FA= 3 A5 F7](back-end fuel cycle)gt ot & =FdAs A8 dAmF7] a4 o
=

BERERCE

51 AA4d A7l A5

3t 4 Fuel cycle data and unit prices

Item Lead Time Loss factor Unit Prices
Fuel purchase
- Urani 50/k
ran%um 24 months $ S0/ke
- Thorium $ 85/kg
- Zirconium $ 30/kg
Conversion 18 months 05 % $ 8/kg U
Enrichment 12 months 0.25 % $ 110/SWU
Fabrication 6 months 1.0 % $ 275/kg U

RTF, WASB, KTF9| 98, W3 5= 497}
NHAZ Qs 557 LS At
He skl datz 540 wE AitelM deojA

2
SAle] ELES Hetstol A FoAv B v



X5 9% vE v

Ore
Fuel Enrich ke Unit Cost | Total Cost LTI
ue nric assy.
Bassy $/kg $/assy. vears
All U 0.71 4,287 50 214,356 2
RTF
Seod 071 2,422 50 121,125 2
e Zr 1 63 30 2,048 2
Bianket U 071 895 50 44,747 2
anret oy 1 229 30 19,492 2
total 3615 187,412
WASB
ceeq U 071 2961 50 148,041 2
e Zr 1 83 30 2,504 2
U 071 826 50 41,304 2
Blanket 1 212 30 17,993 2
total 4,082 209,841
KTF
Seod 071 1315 50 65.766 2
e Zr 1 32 30 969 2
Bianket U 071 2,028 50 101,376 2
anret oy 1 382 30 11,458 2
total 3,757 179,568
LTI Lead Time to Irradiation
%6 S A v
Conversion
Fuel kg/assy. kg/assy. Unit Cost | Total Cost LTI
ue.
(feed) (prod.) $/kg $/assy. vears
All U 4287 4.266 8 34126 15
RTF
eoqd U 2422 2410 8 19,283 15
nee 7r 63 68 0 15
U 895 890 8 7.124 15
Blanket 1 929 298 0 15
total 3615 3597 26.407
WASB
eoqg U 2,961 2.946 8 23568 15
nee 83 83 0 15
U 826 822 8 6576 15
Blanket 1 212 211 0 15
total 4,082 4,062 30,144
KTF
eoqg U 1315 1,309 8 10,470 15
nee 7r 32 32 0 15
U 2,028 2,017 8 16,139 15
Blanket 1. 382 380 0 15
total 3.757 3739 26,610




X7 A5 5 )& v
Separative Work
) SWU/ Unit Cost | Total Cost LTI
Fuel Enrich
assy. $/SWU $/assy. years
All U 4.51 3,181 110 349,962 1
RTF
Seed 20.00 2,339 110 257,308 1
Zr 1 0 1
U 15.00 839 110 92,254 1
Blanket Th 1 0 1
total 349,563
WASB
Seed U 20.00 2,859 110 314,487 1
Zr 1 0 1
U 15.00 774 110 85,156 1
Blanket Th 1 0 1
total 399,643
KTF
Seed 6.00 1,080 110 118,799 1
7r 1 1
U 10.00 1,794 110 197,327 1
Blanket Th 1 1
total 316,126
¥ 8 ¥ds AUt vE vl
Fabrication
Hardware | Process [QA +|Total
kg/assy. | kg/assy. LTI
Fuel (feed) (orod.) Cost Cost |safety Cost cars
e $/assy. $/kg  |$/assy. |$/assy. v
All U 462 457 25,135 1925 12,568 125,675 05
RTF
Seed U 56 56 154.0 8,578 05
Zr 68 67 11,576 154.0 5,788 27,722 05
Blanket U 28 28 192.5 5,304 05
Th 228 226 16,072 192.5 8,036 67,593 05
total 330 376 27,649 13,824 109,196
WASB
Seed U 69 68 154.0 10,484 05
Zr 83 82 12,568 154.0 6,284 31,511 05
Blanket U 26 25 192.0 4,896 05
Th 211 209 12,568 192.0 6,284 58,990 05
total 338 384 25,135 12,568 105,831
KTF
Seed U 97 96 154.0 14,923 05
Zr 32 32 12,568 154.0 6,284 23,826 05
Blanket U 95 94 192.0 18,288 05
Th 380 376 12,568 192.0 6,284 91,816 05
total 604 598 25,135 12,568 148,853

52 HARF7] W& AL U4

EE A gAd5F] vES F u8AE @A ZHA 278k AdddEn. aEE A=
ol A AHEE Al Aol M e & A8 &S F7hety] fsiMs AulE7E A E = AR A9 H]



FC=C- 1+ »,) '

o714 FCx= A=A Abgd AlgolA el mef wlgola C= HAl vg, r,= A&,

tis o] AFE ARG AR AlFALel o] AIRE ZFAeIt RlE 2 5 %R VbS] &

HE &3 o] &8&2 27 3371 %% B%E 7Hgs At AAR[EA 2 ZHE A8+ & 9=
42t

¥ 9 Plant data

Plant o Refueling Cycle
Assembly Power . Availablity .
Fuel efficiency Length time
# MWth %
% months years
All U 193 3400 33.71 95 15 4.5
Seed 157 1.5 3
RTF 3128 33.71 95
Blanket 157 10
Seed 96 15 3
WASB Blanket 97 3400 33.71 95 10
Seed 39 15 3
KTF Blanket 118 2775 33.71 95 10
deagzsld ue 7 gAgviche] AP N4 ¥ 1002 Jehiddth 109 g F
7] 33 Fotel Wlge HEE wASY] A =, 304 F7AAE e Aol3 Thg 34 et
Mg A= A4 B del de AARTY) HES el Aol
E 10 A9 AAdsF7] H&
Cost (mills/kWh)
Component
All U RTF WASB KTF
Ore 1.17 1.41 1.65 1.52
Conversion 0.18 0.19 0.23 0.22
Enrichment 1.83 2.50 2.98 2.55
Fabrication 0.64 0.76 0.77 1.17
Total for front-end 3.82 4.86 5.63 5.46
O 62 A= dds wAA7AY A& HAdsF7] HE&S UEd FoE EF dAd5Tt -
2 delmd] wa ugol —71] A7 ot HEeh BaAe] $EFET $ebE HARFT]
Ho}h ol w534 v]&o] 21 Ao SR AASHFAE sty 7Hestr] wtdd A
F7ts vl&o] s EEH%} l otk ey B FHV F AE=E 3W AFHEy E
A AFAL ¢ AL wWel VI 9d Berel F MY dAnFy) WS wusd EF dq
2o e HARF7] wlgo] Seb Gem wgnTh sl Wrhh Rolvh



I Ore

. | I Conversion
I Enrichment
[ Fabrication

Mills/kwWhre
¢

AllU (1) RTF (2) WASB (2) KTF (2)
Design

"6 x27] 33 w9t A vl

6. 4 &

ofe] JeATre A5 4 H7F AE(FA, IS, A4 A4, A S diste]
AEFAQ A VEs AFsAL VE FPEYG ved EF A A AFE AEFoR
A AAC B2 A¥Z naeozn AAe $5£AS wwd 2 99}

77 5E4E dds FAA, A A, Az 54, YA sl diste] Hrks 4
I g H Z2e 5SS AU A, dds A Aol EF Ids FUE AHEse EdF
A FIRY FG7F 9wk Adznn 2o F24S 7Hh 4, BCM, TG, SNSE EF s
F71E5 Zt= RTFS KTFo A dghal Ao o] FE3 U B A, st 37t
M= dAmultt EFHLo] oFike] zbol= Holu tiedh A3E Ak v wo g WAk 93

E= RTFSE KTFe] A 2o A Frjdos w2 WA EdE Zdh

EF EF HAd8E &3 RTF, WASB, KTF| A3 dd5F7] A& A%, ¥, 55, 4
G7teel AR 742 vusta F71E vgSs Hugoers dds AAES Bkt dd
T57] 1§ 24 ARzFE AAA Bxe] AR Mol SlojMe] Fad e4E I F
AT A= s wAARA L] Ay HAsFT] WSS vlustd BEF A8t g2
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