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Thorium — a miracle solution?

Did thorium really remain overlooked for decades?
Is thorium the wonder solution for our energy supply?

Let’s go back into time ...

2017 1953
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Prelude (1953 — 1958)

® 1953
® 1st successful ascent of Mount Everest

® "Atoms for Peace” (D. Eisenhower,
8/12/1953): Shippingport NPP

VLo e ]

® 1957
® Tstsatellite (Sputnik, USSR)

® 15t criticality of Shippingport NPP
(1957 = 1964) 60 MW,,, U-Zr & UO,

® 1958
® 15t Pizza Hut (Kansas city)
® World expo in Brussels .
® SCK<CEN and BELGONUCLEAIRE started =
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Mixed oxide breeder fuels (1960 — 1980)

® 1960 (USA)
® Feasibility studies on Th-233U LWBR cycle

® 1963 (Belgium)
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Breeder programs (1980 — 2000)

® 1982 Stop of the LWBR program in the Shippingport reactor

® 1989 Stop of the Fast Breeder program in Belgium

® 1997 Stop of Superphénix in France
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Thorium: miracle solution ?
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U-Pu versus Th-U breeding

232 WV p33,  FT(2MIN) o35, BTR7d) 233,

232Th is a fertile isotope for the
fissile isotope 233U much in the
same way as 238U for 239Pu

238 (ny) 239 B~ (23 min) 239N B~ (23 d)239pu

233U 235U 239Pu

233y outperforms 235U and 23°Puin | V 2.48 2.43 2.87
thermal and epithermal spectrain | (6/5% 0.0%| 0171] 0.504
terms of eta yield (n emitted per n | (0/Sies 0.182| 0483 0618
226 208 191

absorbed) & has an acceptable e
delayed neutron fraction Nepi 2.10 1.63 1.77
y B 0.0031  0.0069  0.0026
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... a more complete reaction scheme

B—.10.6

l ﬂ

0.24 MeV 0.54 MeV

0.3MeV

Source: IAEA-TECDOC-1450 Thorium fuel cycle, potential benefits and challenges

9 Copyright © 2013
SCK-CEN

Thoria-based fuels - technology

® Acceptable « neutronics and physics » behavior
® (+) reduced breeding of long living minor actinides
® (+) breeding is possible in thermal and epithermal spectrum
® (-) seed fissile isotope needed (?3°U, 239Pu or 247Pu)
® (-) smaller delayed neutron fraction in 233U fission than 23°U fission

® (-) "long” decay time of 233Pa (27 days) compared to 23°Np (2.2 days) : reactivity
increase after shutdown & 234U production

® (+ & -) production of 222U (hard gamma emitter)
® Reactor feedback exists for various reactor types:
® HTR (Peach Bottom & Fort St. Vrain, USA; AVR & THTR, Germany; Dragon, UK)
® HWR (CIRUS, India)
® PWR (Shippingport, USA)
® MSBR (ORNL, USA)

® Most feedback exists for Th-235U, lesser for Th-233U or Th-Pu
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Possible strategies for thorium utilization

® Natural resource concerns (economic, geopolitical, security &
flexibility of supply)

® Optimal use of already separated fissile material (reprocessed
uranium, civil and military Pu stockpiles)

® Reduced production of long lived Minor Actinides & reduction of
existing Pu inventories
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Thorium: an alternative for uranium?

WORLD THORIUM DEPDSITS
Trearim ceiddes, sdcates and phosphates s Sound wordwide, aften slongside rmne-sarth skemests. Thodium i not et mined coimemercially, and
abaindances ame cnly apgreaimabely kncvn in most countries. Mumbers show upper estimates of ientified thonum resendes (in thousand pones).

Source: www.nature.com;

numerical data can also be found at: h *Uppér eshmate not known.

:/linfcis.iaea.org/THDEPO/

T
- éource: Uranium 2009: Resources, Production al% Demangj_f"'ﬁp

IAEA-OECD publication Ref. NEA No. 6891
A-C = ._ T Ref NEA 6

NO. 03
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Uranium mining: ~40 000 tons/yr

Figure 3. World uranium projected supply and requirements through 2035
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Uranium mining

Uranium ~ 40 000 tons/year
Thorium: 100 tons/year
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Unintended Th mining

® Phosphate mining: 200 000 000 tons/year

Sulphuric acid
Rock ¢ Gypsum —
; Neutralisation
Matrix Acid treatment > Filter > (optional)
I Raw | Acid
Y
1 00% Concentration and
Purification Steps
l o o
| Phosphoric acid l 70 A’ 30 A’
Fertiliser Other
production applications

® Th-content 100 ppm — 20 000 tons/year
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... Where does it land ?
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Other unintended Th mining ...

® |Imenite (TiO,)

® Bastnazite, monazite?*, ... (REE)

(*) Th is separated from monazite
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... We can do better !
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(Th,Pu)O, fuel experience at SCK<CEN

® Observations (1999)

® A thorium-based fuel cycle implemented in the current fleet of reactors
needs to go through a Th-23>U or Th-Pu phase

® SCKCEN stood at the cradle of U-MOX since the early 1960’s and has
been leading, together with Belgonucleaire, the research, development
and licensing of MOX fuel for LWR use

® Decision (1999) to embark on a (Th,Pu)O, study for LWR application
® In 1999, SCK+CEN and ITU launched a research program to compare in-
reactor performance of (Th,Pu)O, with UO, and (U,Pu)O,

® Since 1999, ThO, fuel has continuously been studied at SCK+CEN:
fabrication, in-reactor performance, safety studies, spent fuel behavior
(final disposal context), post-irradiation examinations, ...

1 9 Copyright © 2013
SCK-CEN

(Th,Pu)O, fuel experience at SCK<CEN

® Furopean context:

® Thorium-based MOX was studied during the last decade
in a pre-competitive context to reduce the nuclear waste
burden
5t FWP : Thorium Cycle (2000-2006) () coordinated by SCK-CEN
5t FWP : OMICO* (2001-2007)
5th FWP : Red Impact (2004-2007)
6t FWP : LWR-DEPUTY* (2006-2011)

M. Verwerft et al. / OMICO - Final report (2007), Report nr EUR 23104; M. Verwerft et al. / LWR-DEPUTY - Final report (2011), Report nr SCK-CEN ER-200

20 Copyright © 2013
SCK-CEN




(Th,Pu)O, fuel experience at SCK<CEN
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Successive (Th,Pu)O, R&D programs

® OMICO (2001-2007)
® Design
® Fabrication
® Instrumented irradiation (BOL)
® Code development

® L WR-DEPUTY (2006-2011)
® Post-irradiation examinations
® Radiochemical analysis & reference datasets
® Core assessments

® THOMOX (2012-today)
® Irradiation to industry-relevant burnup
® Code development
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OMICO (2001-2007)
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Assembly & irradiation: TCH & BR-2

OMICO ready to be transferred to BR-2
(29-10-2004)
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In-reactor performance of (Th,Pu)O, in BR2
Model predictions (2007) versus experiment: SCK.CEN & AREVA

Calculations OMICO Rod Bi

h_u_,_,_r_.—-!—d' i Macros

M,—»ﬂw 4 Copernic]
. . A
1000 2000 (X )

Eff. Irradiation Time (h)

Fuel Centre Temperat

Experimental
values
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(Th,Pu)O, fuel experience at SCK<CEN
status 2007
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LWR-DEPUTY (2006-2011)
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Post-irradiation examinations of (Th,Pu)O,
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(Th,Pu)O,: Thermal conductivity measurements & model
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THOMOX (2012-today)
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In-reactor performance of (Th,Pu)O, in BR2
Irradiations 2004-2015

Highest linear power (W/em): 311.4 Final bumup <BU> (GWdt, ). 33.8 Final bumup BUPeak (GWdi ) 38.2
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Non-instrumented (Th,Pu)O, irradiations
Objective: reach ca. 40 GWd/t, (industrially-relevant burnup)
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In-reactor performance of (Th,Pu)O, in BR2
Post-irradiation examinations
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In-reactor performance of (Th,Pu)O, in BR2
Model predictions (2015) versus experiment
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(Th,Pu)O, fuel experience at SCK<CEN
status 2015
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Thorium and thorlum lutonium fuel R&D
ere do we stand today?

® Perf rmamce::qua[jﬁéﬁﬁ%”ﬁ?'@f (Th,Pu)Q. has been achieved

Technology comcepts Fiid! £andidatad salbetd e splians,

5 | Technology andior applications based on selection critera
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intogration
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® ColfaboratioH WIth THAUSTF) on valorisation of thorium stockpiles
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Solid state research and fabrication aspects of ThO,

® "UO, and ThO, doped nuclear fuel" (A. Baena, 2011-2016 PhD thesis)

® Solid state study on the fluorite structure effects upon doping with different
lanthanides
® Associated to her thesis: 3 master theses + 1 internship:
"Advanced manufacturing routes for ThO, doped with lanthanides” (M. Pasniewsky)
"Synthesis of ThO, doped with Gd via wet chemical routes” (P. Zsabka)

"Recycling of ThO, scrap from nuclear fuel pellets fabrication”(A. Schneider, L.
Gijsemans)

® “Improving the sintering behaviour of ThO," (T. Wangle, 2015-2019 PhD
thesis, industrial sponsor: Solvay)
® Converting thorium nitrate into sinterable oxide powders
® Associated master thesis / internships:

"Effect of pH, T and concentration on the oxalic precipitation of Th(IV) from nitric
acid media" (M. Belis)

“Recycling of ThO, scrap from nuclear fuel pellets fabrication” (R. Lommelen)
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Thorium fuel -outlook

® The next steps:

® Elaborating production routes that can be implemented industrially
We're working on it ...

©® Demonstrate in-reactor performance
Qualification of neutronics codes: benchmarking and uncertainty analysis
Assembly design (neutronic) for given core management
AOO, DBA analysis

Perform lead irradiation tests (power reactor: normal operation, test reactor: off-
normal conditions)

... still alot to do ...
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Thorium and thorium-plutonium fuel R&D
Where do we stand today and where do we go?
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Thorium is not a miracle
solution, but it surely is a viable
option ...
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