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The study pres ents the anal y sis of the re us abil ity of ThO2 and spent UO2 fu els en riched in two 
dif fer ent ADS re ac tors fu elled with Mi nor Ac ti nide.  The spent UO2 fu els are taken out from
pres sur ized wa ter re ac tor and CANDU spent fu els. For this anal y sis, the CANDU-37 re ac tor 
hav ing a to tal fis sion ther mal power of 2156 MW is con sid ered and 14 dif fer ent cases of en -
riched fu els taken from the pre vi ous en rich ment pro cesses are ana lysed by burn ing in this re -
ac tor. The 3-D and time-de pend ent crit i cal burnup cal cu la tions are car ried out by us ing the
MCNP 2.7 code. To de ter mine the ef fec tive burn time of each case, these cal cu la tions are per -
formed un til the val ues of kinf de crease to about the crit i cal ity thresh old of 1.05 for all in ves -
ti gated cases. The per cent ages of the 239Pu and 233U fis sile iso topes ap pear to be be low weap -
ons-grade plu to nium and ura nium, re spec tively, in all en riched fuel cases. At the end of
ef fec tive burn times, the burnup val ues can reach the val ues vary ing in the range of 26.770 and 
33.540 GWd/MTU which are a mean of 3.5-4.5 times the burnup value of the CANDU-37
re ac tor fed with the NatUO2 fuel. The re sults of this study bring out that in terms of en ergy
pro duc tion, the CANDU-37 re ac tor fu elled with the ThO2 and spent UO2 fu els en riched in
ADS de signs dem on strates higher neu tronic per for mance than the con ven tional CANDU-37 
re ac tor.

Key words: CANDU re ac tor, thermal re ac tor, accelerator-driven sys tem, en riched spent fuel uti li za tion,
tho rium uti li za tion

INTRODUCTION

The man age ment of spent fu els is one of the
most sig nif i cant is sues com pli cat ing nu clear de vel op -
ment. Re cently, the wait and see method has been pre -
ferred by a lot of coun tries for nu clear waste man age -
ment. On the other hand, some re search ers study
re us ing spent fuel in var i ous re ac tors as fuel.

Tak et al. [1] work on the op ti mi za tion of the Ul -
tra-Long Cy cle Fast Re ac tor (UCFR) de sign. They use 
a pres sur ized wa ter re ac tor (PWR) fu elled with spent
fuel in their de signs that can be op er ated at full power
for 60 years with out re fu el ling. Hartanto and Kim [2]
uti lize spent fuel in Trav el ing Wave Re ac tor. Monte
Carlo code McCARD is used in their cal cu la tions. 
some pa ram e ters like fis sion power, re ac tiv ity co ef fi -
cients, and de layed neu tron frac tion are ana lysed.
Sugawara [3] per form a study on transuranium trans -
mu ta tion in a mol ten salt ac cel er a tor-driven sys tem
(ADS) hav ing 400 MW ther mal power. They bring out 
that 100-120 kg plu to nium trans mu ta tion can be

achieved in one year pe riod. Meng et al. [4] aim to in -
crease the trans mu ta tion of mi nor ac ti nide (MA)
ef fi ciency in an ADS hav ing a power of 800 MW and
fu elled with a mix ture of mononitride and plu to nium
as fuel. They dem on strated that the mi nor actinides
can be trans muted ef fi ciently in the ADS.

On the other hand, a lot of re search ers in ves ti gate
the per for mance of Can ada Deuterium Ura nium
(CANDU) re ac tors fu elled with var i ous spent fu els and
their mix tures. Sahin et al. [5] in ves ti gate a CANDU re -
ac tor fu elled with a mix ture of ThO2 and nu clear waste.
They use sev eral com po si tions to ob tain a uni form
power dis tri bu tion. They bring out that the best fuel
mix ture is tho rium and 14 % mi nor ac ti nide di ox ide
(MAO2) in terms of long-term re ac tiv ity and uni form
power dis tri bu tion. Sahin et al. [6] per form a power
flat ten ing op er a tion in CANDU fuel rods in their study.
They in ves ti gate three fuel cases, the nat u ral UO2 case,
the light wa ter re ac tor (LWR) spent fuel case and a mix -
ture of LWR spent fuel and ThO2 fuel, for the CANDU
re ac tor. They bring out that the LWR spent fuel has a
high burnup. The other stud ies of Sahin et al. [7] work
on weapon-grade plu to nium in TRISO form in
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CANDU re ac tors. Three dif fer ent mix tures of tho rium
with plu to nium are con sid ered. They achieve high
burnup val ues and trans mu ta tion of nu clear waste. In
an other, Sahin et al. [8] work on spent fuel and tho rium
uti li za tion in a CANDU re ac tor. They show that a good
amount of spent fuel uti li za tion oc curs.

Jeong et al. [9] in ves ti gate ho mo ge neous
ThO2UO2 and het er o ge neous ThO2UO2-DUPIC fu els
in CANDU by us ing dy namic anal y sis. The re sults
bring out that the spent fuel amount can be de creased by
13 % and 18 % for the ho mo ge neous and het er o ge neous 
fuel cy cles, re spec tively. Gholamzadeh et al. [10] in -
ves ti gate the us age of trans uranic fuel with tho rium in a
CANDU 6 re ac tor by us ing the Monte Carlo N-par ti cle
trans port code. They ob tain neg a tive tem per a ture re ac -
tiv ity co ef fi cients and also show that better trans mu ta -
tion is ob tained in a 1.0 % TRU-con tain ing fuel ma trix
case than 0.5 % TRU-con tain ing fuel ma trix. Ozdemir
et al. [11] study two spent fuel uti li za tion in a
PWR-CANDU sys tem. The cal cu la tions are per formed 
with the MONTEBURNS code. Their re sults show that
their sys tem de creases the nat u ral ura nium re quire ment
since con sid er able burnup is ob tained. Ellithi and
Al-Khawlani [12] in ves ti gate the per for mance of the
CANDU re ac tor by load ing a mix ture of a cer tain ra tio
(3-5 %) of plu to nium iso topes and tho rium fuel into the
re ac tor core. The neutronic cal cu la tions of re ac tions oc -
cur ring in the CANDU re ac tor core are per formed by
the MCNPX code. The re sults show that a mix ture of
plu to nium iso topes and tho rium fuel ox ides has a higher 
value than nat u ral ura nium in terms of the mul ti pli ca -
tion fac tor. Bergelson et al. [13] use sim u la tions to an -
tic i pate how the CANDU re ac tor would op er ate with a
self-suf fi cient tho rium cy cle.  The cal cu la tions bring
out that the self-suf fi cient mode is suit able for a
CANDU heavy wa ter-cooled power re ac tor us ing the
tho rium-ura nium fuel cy cle. Mirvakili et al. [14] per -
form neutronic cal cu la tions in the CANDU6 ther mal
re ac tor's fuel rods loaded with ThO2 and UO2 fu els.
They have dem on strated that ex per i men tal and com pu -
ta tional stud ies can be done for fu ture al ter na tives in
terms of the neu tron eco nom ics of tho rium-based fu els
as a re sult of their find ings. Yang et al. [15] in ves ti gate
to come up with a fuel cy cle strat egy for re cy cling ura -
nium-tho rium pro duc tion in CANDU re ac tors. They
ana lyse in-core fuel man age ment, neutronic per for -
mance, spent fuel char ac ter is tics, and re source us age.
The find ings of the de sign and eval u a tion show that it is
tech ni cally fea si ble to re cy cle ura nium-tho rium pro -
duc tion in ex ist ing CANDU re ac tors. Saldideh et al.
[16] in ves ti gate the pos si bil ity of us ing CANDU re ac -
tors to tap into the world's tho rium sup plies. They use
the MCNP code to cal cu late how long it took the re ac tor 
to reach crit i cal ity in their anal y sis. As a re sult, they
bring out that mix ing PuO2 and ThO2 en abled a
CANDU re ac tor to func tion for lon ger pe ri ods with out
re quir ing re fu el ling.

In re cent years, our re search group car ries out
many stud ies [17-22] on spent fuel re ju ve na tion, nu -
clear waste trans mu ta tion, and fuel en rich ment in
var i ous subcritical re ac tors. Arslan et al. [17] in ves ti -
gate the trans mu ta tion of fis sion prod ucts in an ac cel -
er a tor-drive sys tem us ing spent fu els taken out from
CANDU and PWR ther mal re ac tors. For neutronic
cal cu la tions, they em ploy the com puter pro grams
MCNPX 2.7 and CIN DER 90. This study shows that
a sig nif i cant quan tity of en ergy is re leased in the ac -
cel er a tor-driven sys tem as well as ef fec tively the
trans mu ta tion of fis sion prod ucts. Bakir et al. [18] at -
tempt to es tab lish re fu el ling pe ri ods for spent fu els in
CANDU-37 re ac tors in a D-T fu sion rec la ma tion re -
ac tor sup plied with a mix ture of NatUO2 and ThO2.
The re sults show that the de signed fu sion breeder re -
ac tor has a high per for mance in terms of en ergy pro -
duc tion and fuel re ju ve na tion.  Bakir et al. [19] in ves -
ti gate the breed ing of fis sile fuel and the
trans mu ta tion po ten tial of trans uranic iso topes in a
gas-cooled ADS. It is ob served that the de signed
ADS has a high neu tronic per for mance in terms of the 
con ver sion of nu clear wastes and the pro duc tion of
ef fec tive en ergy. Bakir et al. [20] study a he lium
gas-cooled ADS loaded with ThO2, UO2, PuO2, and
CmO2 TRISO fuel par ti cles to ob tain a flat tened
power pro file, and they achieve ob tain ing a
quasi-flat tened power pro file in the subcritical zone
of ADS.  Bakir et al. [21] ex am ine the neu tronic per -
for mances of the sys tem's fis sile fuel pro duc tion and
en ergy gen er a tion us ing LBE + nat u ral UO2 and LBE
+ 15 % en riched UO2 as tar get ma te ri als in an ac cel er -
a tor-driven sys tem. In terms of fis sile fuel breed ing
and en ergy gain, the de vel oped sys tem by this study
has been shown to have a good neu tronic per for -
mance.

In our pre vi ous study [22], the UO2 fu els taken out
from the PWR and CANDU spent fu els and the ThO2 fu -
els are en riched in two dif fer ent ADS re ac tors (DE SIGN
A and DE SIGN B) fu elled with the MAO2 fu els ex -
tracted from PWR-MOX spent fu els. This study shows
that as well as an en ergy gain of 10.8-25.1, spent fu els
can be en riched up to 2.49-4.23 %. The nu mer i cal re sults
dem on strate that both ADS de signs have a good neu -
tronic per for mance and sig nif i cant en ergy gen er a tion
po ten tial as well as fuel en rich ment ca pa bil ity. As this
study is a con tin u a tion of the pre vi ous work [22], it is
ana lysed that these fu els en riched at dif fer ent pe ri ods,
tab. 1, in the ADS de signs A and B are re used in a
CANDU-37 re ac tor as fuel.

MONTEBURNS code [23] also can be used
for time-de pend ent cal cu la tions, but our pre vi ous
study [18] brings out that the re sults of the cal cu la -
tions per formed with both codes are com pat i ble
with each other, so in this study, the cal cu la tion with
the use of MONTEBURNS code is not con sid ered
nec es sary.
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THE CANDU REACTOR DESCRIPTION

It ap pears that the CFFE val ues of the spent UO2

and the ThO2 fu els en riched in the two dif fer ent ADS
re ac tors (DE SIGN A and DE SIGN B) fu elled with the
MAO2 fu els in our pre vi ous study [22] can be suf fi -
cient to re use them in ther mal re ac tors. In light of these
data, in this study, to ef fec tively reburn the en riched
fu els taken out from the ADS re ac tors, the CANDU-
37 ther mal re ac tor is con sid ered. The CANDU re ac tor, 
de vel oped in Can ada, is a type of ther mal nu clear re ac -
tor fu elled with nat u ral ura nium (NatUO2) fuel com -
posed of 0.005 % 234U, 0.711 % 235U, and 99.284 %
238U [24]. The most im por tant fea ture that dif fer en ti -
ates it from other con ven tional ther mal re ac tors is the
use of nat u ral ura nium as fuel, as well as the use of
heavy wa ter (D2O) as a cool ant and mod er a tor.  The
CANDU-37 re ac tor is a typ i cal CANDU re ac tor hav -
ing a to tal fis sion ther mal power of 2156 MWth and
con tains 380 fuel chan nels con sist ing of 37 fuel el e -
ments [24]. The fuel el e ments con sist of 12 fuel rods
with a length of 49.53 cm fit ted lon gi tu di nally
end-to-end.  Thus, the to tal length of fuel chan nels is
595 cm. The ra dial cross-sec tion view of one-quar ter

of a het er o ge neous CANDU-37 fuel chan nel is plot ted 
in fig. 1.  As can be seen from this fig ure, the fuel rods
are sur rounded by the pres sure tube, CO2 gap, and
calandria tube from the in side to the out side in the
chan nel filled with D2O. The fuel chan nels are placed
in side the cy lin dri cal re ac tor ves sel as a square lat tice
with a pitch of 28.575 cm.

The per for mances of the CANDU-37 re ac tor fu -
elled with 14 dif fer ent fu els en riched in the two dif fer -
ent ADS re ac tors (DE SIGN A and DE SIGN B) fu elled 
with the MAO2 fu els in [22] are in di vid u ally ana lysed
for each fuel case. To com pare the neutronic per for -
mances of these fu els with the NatUO2 fuel, the
CANDU re ac tor fu elled with the NatUO2 fuel is also
ana lysed. The def i ni tions of the fuel cases are given in
tabs. 2(a) and 2(b) along with their atomic den si ties.
The fuel en rich ment pro cesses are in de tail ex plained
in [22]. Fur ther more, the non-fuel ma te ri als used in the 
CANDU-37 re ac tor are given in tab. 3.

The state ment ADS De signs A and B and the ab -
bre vi a tions MAZ (mi nor ac ti nide zone), FEZ1 and
FEZ2 (fuel en rich ment zones 1 and 2) are in de tail de -
scribed in CON CEP TUAL ADS DE SIGNS of ref.
[22]. Fur ther more, they are shown in de tail in fig. 1 of
[22].
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Table 1. Summary table for the most important neutronic data obtained from the numerical calculations in
DESIGN A and B [22]

FEZ MAZ BOC EOC
[d]

keff

Cumulative fuel enrichment,
CFFE [%] 233U [kg] MATF*

[%] G Burnup
[GWd/MTU]

MAZ FEZ1 FEZ2

DESIGN A

ThO2

MOX12
0 0.904 91.21 0 – 0 – 0 0

1250 0.985 86.12 3.07 – 104.783 9.21 10.8 25

MOX22
0 0.910 88.59 0 – 0 – 0 0

991 0.986 84.47 2.85 – 97.829 7.97 11.2 21

CANSF

MOX12
0 0.916 91.21 0.17 – – – 0 0

920 0.985 86.68 2.76 – – 7.98 18.4 29

MOX22
0 0.927 88.59 0 – – – 0 0

630 0.985 85.44 2.49 – – 5.91 17.9 20

PWRSF

MOX12
0 0.943 91.21 0.91 – – 0 0

530 0.985 87.94 3.38 – – 5.70 21.0 20

MOX22
0 0.952 88.59 0.91 – – – 0 0

300 0.985 86.37 2.95 – – 4.07 25.1 14

**MOX22B
300 0.939 87.36 0.91 – – – 0 0

600 0.985 85.40 2.79 – – 3.04 20.8 11

DESIGN B

CANSF

MOX12
0 0.907 91.21 0.17 0 0 – 0 0

2050 0.985 83.10 3.63 3.85 160.444 15.17 15.6 37

MOX22
0 0.915 88.59 0.17 0 0 – 0 0

1700 0.986 81.94 3.33 3.58 150.853 13.11 15.5 30

PWRSF

MOX12
0 0.913 91.21 0.91 0 0 – 0 0

1950 0.985 83.41 4.23 3.84 160.673 14.56 15.4 35

MOX22
0 0.922 88.59 0.91 0 0 – 0 0

1600 0.985 82.09 3.99 3.58 151.183 12.97 16.0 30

* TF is trans mu ta tion frac tion. The ini tial masses of MOX12 and MOX22 com po si tions are 5541.39 and 5550.08 kg, re spec tively.
**At the sec ond cy cle (see the sub-sec tions “Cu mu la tive Fis sile Fuel En rich ment” and “Sam ple ad di tional anal y sis”)
Note: MOX12 and MOX22 ab bre vi a tions are transferreed from [24] and the other ab bre vi a tions are trans ferred from [22]



Mi nor ac ti nide com po si tions, MOX12 and
MOX22 are used in ADS in [22] and are in de tail ex -
plained in the Sub-crit i cal Mi nor Ac ti nide zone sec -
tion of [22]. They do not use in this study.

Some ex pres sions in tabs. 2(a) and 2(b):  In
CASE, the ini tial cap i tal, the first num ber (1 or 2), and
the sec ond num ber (1 or 2 or 3) rep re sent the De sign
types (A or B), the mi nor ac ti nide com po si tions
(MOX12 or MOX22) and row num bers (1 or 2 or 3),
re spec tively. CANSF and PWRSF rep re sent CANDU
and PWR spent fu els en riched in the ADS de signs in
[22], re spec tively. These en rich ment pro cesses are in
de tail ex plained in [22].

CALCULATION TOOLS

In this study, the neutronic cal cu la tions are made 
by con sid er ing an as sem bly in stead of the whole
CANDU 37 re ac tor and only the neutronic per for -
mances of the en riched fu els in ADS DE SIGN A and B 
are in ves ti gated.

The MCNPX ver sion 2.7 com puter code [25]
writ ten by Los Alamos Na tional Lab o ra tory is used for
neutronic cal cu la tions. This code can be de fined gen er -
ally as a gen eral-pur pose Monte Carlo N-Par ti cle code
that can be used for neu tron, pho ton, elec tron, or cou -
pled neu tron-pho ton-elec tron trans port [25]. The
MCNPX 2.7 can cal cu late a lot of tal lies (such as sur -
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Fig ure 1. Cross-sec tion
views of a het er o ge neous
CANDU -37 fuel chan nel;
(a) ra dial and (b) ax ial
(di men sions are in cm and
ex cept the height and width
of the fuel chan nel are in
scale) [24]

Table 2(a). Atomic densities* of spent fuels enriched in ADS reactor (DESIGN A) in [22]
in atoms/(barn-cm), and definitions of fuel cases

DESIGN A

MOX12 MOX22

ISOTOPE CASE A11 ThO2

FEZ1
CASE A12 CANSF

FEZ1
CASE A13 PWRSF

FEZ1
CASE A21 ThO2

FEZ1
CASE A22 CANSF

FEZ1
CASE A23

PWRSF FEZ1
16O 9.02572×10–3 9.80267×10–3 9.80354×10–3 9.02580×10–3 9.80285×10–3 9.80368×10–3

232Th 4.27236×10–3 – – 4.30191×10–3 – –
233Pa 7.16056×10–6 – – 7.94531×10–6 – –
233U 1.34690×10–4 – – 1.25750×10–4 – –
234U 1.03008×10–5 – – 8.60766×10–6 – –
235U 1.35552×10–6 2.01827×10–6 2.13062×10–5 1.01135×10–6 2.91953×10–6 2.58787×10–5

236U – 4.57658×10–6 2.13785×10–5 – 4.54451×10–6 2.10154×10–5

238U – 4.54197×10–3 4.57313×10–3 – 4.63049×10–3 4.64447×10–3

237Np – – 1.56229×10–6 – 1.15654×10–6

239Pu – 1.08405×10–4 1.26667×10–4 – 1.03380×10–4 1.09015×10–4

240Pu – 3.17692×10–5 2.32187×10–5 – 2.52733×10–5 1.61100×10–5

241Pu – 1.79431×10–5 1.19702×10–5 – 1.17995×10–5 6.37685×10–6

242Pu – 5.41972×10–6 1.64907×10–6 – 2.39649×10–6

TOTAL 1.34516×10–2 1.45148×10–2 1.45844×10–2 1.34710×10–2 1.45837×10–2 1.46277×10–2

CFFE [%] 3.07 2.76 3.38 2.85 2.49 2.95

*Atomic den si ties taken af ter burned in the range of 11-29 GWd/MTU in the pre vi ous study [22], (for the de tails see tab. 1)



face cur rent, sur face and vol ume fluxes, point and ring
de tec tors, par ti cle and fis sion heatings, etc.) as 3-D. All
neutronic re ac tions spec i fied in a par tic u lar cross-sec -
tion eval u a tion (such as ENDF/B-VI), are ac counted.
Fur ther more, ther mal neu trons can be de scribed by
both the free gas and S (a, b) mod els. The crit i cal ity cal -
cu la tion is per formed with the KCODE card and
time-de pend ent burnup re ac tions can be eas ily sim u -
lated with the BURN TIME op tion of MCNPX
2.7code. (BURN TIME = 30 9R   MAT = 1 2 3 4 MAT =
= 1 2 3 4BOPT = 1.0, 24.0, 1.0).

The neutronic cal cu la tions are per formed for one
fuel chan nel model with a to tal fuel chan nel length of 595 
1. The four sides have a re flec tive bound ary con di tion,
and the top and bot tom sur faces have a white bound ary
con di tion. Three di men sion nu clear pro cesses can be
suc cess fully sim u lated by this code. None the less, the
MCNPX2.7 ver sion of MCNPN is re quired for the
time-de pend ent neutronic cal cu la tions. 

In ad di tion to this code, to cor rectly eval u ate quite
large and com pli cated out puts of MCNPX 2.7, XBURN
[26] in ter face com puter code is used. The time-de pend -
ent crit i cal burnup/de ple tion cal cu la tions are per formed
un til the val ues of kinf de crease to about the crit i cal ity
thresh old of 1.05 for all in ves ti gated cases and thus the
ef fec tive burn time of each case is de ter mined.

NUMERICAL RESULTS

Infinite neutron multiplication factor

The ra tio of the neu trons pro duced with fis sion
in one gen er a tion (Npf) to the num ber of neu trons lost
with ab sorp tion re ac tions in the pre ced ing gen er a tion
(Nla) is de fined as the in fi nite neu tron mul ti pli ca tion

fac tor (kinf) and this fac tor can be for mu lated math e -
mat i cally as fol lows

k inf
ln

=
N

N

pf
(1)
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Table 2(b). Atomic densities* of spent fuels enriched in ADS reactor (DESIGN B) in [22]
in atoms/(barn-cm), definitions of fuel cases

DESIGN B

MOX12 MOX22

ISOTOPE CASE B11
CANSF FEZ1

CASE B12
CANSF FEZ2

CASE B13
PWRSF FEZ1

CASE B14
PWRSF FEZ2

CASE B21
CANSF FEZ1

CASE B22
CANSF FEZ2

CASE B23
PWRSF FEZ1

CASE B24
PWRSF FEZ2

16O 9.80212×10–3 9.02592×10–3 9.80288×10–3 9.02593×10–3 9.80229×10–3 9.02598×10–3 9.80301×10–3 9.02595×10–3

232Th – 4.17222×10–3 – 4.17976×10–3 – 4.21814×10–3 – 4.21908×10–3

233Pa – 6.14672×10–6 – 6.32101×10–6 – 6.44725×10–6 – 6.82329×10–6

233U – 1.64990×10–4 – 1.65225×10–4 – 1.55127×10–4 – 1.55466×10–4

234U – 1.63935×10–5 – 1.58835×10–5 – 1.36073×10–5 – 1.36273×10–5

235U 4.61482×10–6 2.85101×10–6 2.86033×10–5 2.71107×10–6 4.98445×10–6 2.06008×10–6 3.01334×10–5 2.04780×10–6

236U 4.31961×10–6 – 2.04030×10–5 – 4.29979×10–6 – 2.02707×10–5 –
238U 4.59750×10–3 – 4.56683×10–3 – 4.63706×10–3 – 4.59707×10–3 –

237Np – 2.06578×10–6 – – – 1.88133×10–6 –
239Pu 1.55396×10–4 – 1.62742×10–4 – 1.44760×10–4 – 1.53130×10–4 –
240Pu 2.14711×10–5 – 1.76129×10–5 – 1.75085×10–5 – 1.46932×10–5 –
241Pu 1.22560×10–5 – 9.35112×10–6 – 9.36904×10–6 – 7.07194×10–6 –
242Pu 1.20163×10–6 – – – – – – –

TOTAL 1.45989×10–2 1.33885×10–2 1.46105×10–2 1.33958×10–2 1.46203×10–2 1.34214×10–2 1.46273×10–2 1.34230×10–2

CFFE [%] 3.63 3.85 4.23 3.84 3.33 3.58 3.99 3.58

*Atomic den si ties taken af ter burned in the range of 30-37 GWd/MTU in the pre vi ous study [22], (for the de tails see tab. 1)

Table 3. Non-fuel materials used in CANDU-37
reactor [24]

Materials Elements Fraction [%]

Clad (Zirc-4) (6.56258) gcm–3

Cr 9.99101×10–4

Fe 2.09811×10–3

Zr 9.81417×10–1

Sn 1.44870×10–2

Hf 9.99101×10–4

Total 100

Coolant (D2O)

(8.45610×10–1 gcm–3)

D 6.66667×10–1

O 3.33333×10–1

Total 100

Pressure tube
(Zirc2.5Nb) (6.54332 gcm–3)

Zr 9.75000×10–1

Nb 2.50000×10–2

Total 100

CO2 (GAP)

(1.58089×10–3 gcm–3)

C 3.33333×10–1

O 6.66667×10–1

Total 100

Calandria tube (Zirc-2)
(6.56135 gcm–3)

Cr 9.99101×10–4

Fe 1.34879×10–3

Ni 5.49505×10–4

Zr 9.81617×10–1

Sn 1.44870×10–2

Hf 9.99101×10–4

Total 100

Moderator (D2O)
(1.08522 gcm–3)

D 6.66667×10–1

O 3.33333×10–1

Total 100



The kinf value be ing less or equal to or greater
than 1 in di cates that the re ac tor is in a subcritical or
crit i cal or super criti cal mode, re spec tively. This fac tor, 
there fore, is one of the most im por tant pa ram e ters to
be con sid ered pri mar ily in re ac tor cal cu la tions.

In each fuel case, the ef fec tive burn times dur ing
which the re ac tor can be ef fec tively op er ated are de ter -
mined by per form ing the time-de pend ent crit i cal
burnup/de ple tion cal cu la tion un til the value of kinf de -
creases to the crit i cal ity thresh old of 1.05  as shown in
tab. 4 for all fuel cases. One can see eas ily from these
re sults that the CANDU-37 re ac tor fu elled with the
en riched fu els in the ADS DE SIGN B op er ates for a
lon ger time than that fu elled with the en riched fu els in
the ADS DE SIGN A and also the NatUO2 fuel.

Fig ures 2(a) and 2(b) show the de creases in kinf

val ues in all en riched fuel cases taken out from  ADS
DE SIGN A and B, re spec tively, dur ing the op er a tion
time. Fig ure 2(a) shows also the de crease in value kinf

in the NatUO2 fuel case dur ing the op er a tion time. Fur -
ther more, the kinf val ues at the be gin ning and end of
the cy cle (at the BOC and EOC, re spec tively) in all in -
ves ti gated fuel cases are given in tab. 4. It can be ob -

served in these fig ures that as the kinf pro file in the
NatUO2 fuel case de creases grad u ally from about 1.118 
to 1.055 af ter 180 days, those in the other fuel cases de -
crease more rap idly from 1.4-1.6 to 1.05. The kinf pro -
file in the CANDU 37 re ac tor fu elled with the NatUO2

fuel is al most the same as the kinf pro files in the other
CANDU re ac tor stud ies [6, 12, 13] in the lit er a ture. In
an other word, it is in good agree ment with them. Fur -
ther more, its ef fec tive burn time (180 days) is shorter
than that of fu els taken from ADS DE SIGN B. This
means that the CANDU 37 re ac tor fu elled with the en -
riched spent fu els in ADS DE SIGN B can be lon ger
op er ated than that fu elled with NatUO2 fuel.

Since the start ing CFFE per cent ages of the fu els
taken from ADS in [22] are dif fer ent (they vary in the
range of 2.49 %-4.23 %), it is a nor mal sit u a tion that the
burn times in the CANDU-37 re ac tor are also dif fer ent.

Cumulative fissile fuel enrichment

In nu clear fis sion re ac tors, the ra tio of the sum of
the atomic den sity of all fis sile iso topes to the sum of

B. Durmaz, et al., Anal y sis of Re us abil ity of ThO2 and Spent UO2 Fu els En riched ...
294 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 4, pp. 289-301

Table 4. The most important neutronic data obtained from the numerical calculations in CANDU-37 reactor and the
effective burn times

Fuel type Fuel case BOC EOC* [d] kinf CFFE [%]
233U [%] 239Pu [%] Burnup  [GWd/MTU]

NatUO2
NatUO2

0 1.119 0.711 – 98.43 0

180 1.053 0.591 – 76.33 7.674

A 
N

GI
S

E
D 

S
D

A

ThO2 FEZ1

CASE A11
0 1.461 3.07 91.95 0

189 1.050 1.75 77.26 24.270

CASE A21
0 1.424 2.85 92.83 0

168 1.050 1.72 77.51 21.470

CANSF FEZ1

CASE A12
0 1.572 2.76 – 66.05 0

173 1.049 0.87 – 26.77 20.320

CASE A22
0 1.564 2.49 – 72.20 0

156 1.051 0.81 – 30.64 18.060

PWRSF FEZ1

CASE A13
0 1.614 3.38 – 77.26 0

215 1.049 0.62 – 28.05 24.90

CASE A23

0 1.600 2.95 – 82.36 0

186 1.051 0.91 – 31.80 21.340

B 
N

GI
S

E
D 

S
D

A

CANSF FEZ1

CASE B11
0 1.634 3.63 – 81.45 0

232 1.049 0.95 – 29.56 26.770

CASE B21
0 1.628 3.33 – 83.80 0

212 1.051 0.89 – 31.55 24.350

CANSF FEZ2

CASE B12
0 1.557 3.85 89.40 – 0

257 0.977 1.85 70.90 – 33.460

CASE B22
0 1.528 3.58 90.71 – 0

236 1.049 1.81 73.31 – 30.500

PWRSF FEZ1

CASE B13
0 1.653 4.23 – 85.27 0

271 1.049 1.08 – 27.95 31.200

CASE B23
0 1.652 3.99 – 87.15 0

255 1.049 1.05 – 29.46 29.260

PWRSF FEZ2

CASE B14
0 1.557 3.84 89.74 – 0

258 1.085 1.85 71.19 – 33.540

CASE B24
0 1.528 3.58 90.73 – 0

236 1.104 1.82 73.41 – 30.490

* In this study, EOC also means ef fec tive burn time



the atomic den si ties of all iso topes with atomic num -
bers greater than or equal to 90 is ex pressed as the Cu -
mu la tive fis sile fuel en rich ment (CFFE). It in di cates
the qual ity of nu clear fuel and can be cal cu lated in per -
cent ages as fol lows

CFFE = ×
å
å

N

N

fissile fuel

nuclear fuel

100[%] (2)

where N de notes the atomic den sity of iso topes in at -
oms, cm–3.

In our cases, the fis sile fu els are 233U, 235U,
237Np, 235Np, 239Pu, 241Pu, 244Pu, 241Am, 243Am,
245Cm, and 247Cm. Choos ing these fis sile fu els is
based on mi cro scopic fis sion re ac tion cross-sec tion on 
ther mal neu tron re gion.

Fig ures 3(a) and 3(b) de pict the de creases in 
CFFE val ues of all en riched fuel cases taken out from 

ADS DE SIGN A and B, re spec tively, dur ing the op er -
a tion time. In ad di tion to these fig ures the CFFE val ues 
at the BOC and EOC in all in ves ti gated fuel cases are
given in tab. 4. Com par ing this ta ble with tab. 1 and
tab. 4 in the pre vi ous study [22], it will be seen that the
ini tial CFFE val ues of the fu els in this ta ble are equal to 
the CFFE val ues of the same fu els at the EOC in tab. 1
and tab. 4 in the pre vi ous study [22]. As ap par ent from
these fig ures the CFFE pro files are curvilinear and rel -
a tively more rapid de cline. At the end of ef fec tive burn 
times (at the EOC), these de creases vary in the range of 
0. 0.62 % and 1.85 % ac cord ing to the fuel cases (see
tab. 4). Later, if de sired, these CFFE val ues can be in -
creased by en rich ing in the ADS DE SIGN in the same
way. In the NatUO2 case, CFFE val ues de crease from
0.711 % to 0.591 % af ter 180 days (its ef fec tive burn
time). As ap par ent from tab. 4, these CFFE val ues are
lower than those of en riched fu els in ADS DE SIGN.

Fissile isotope fractions

Dur ing op er a tion time, the de creases in 239Pu
and 241Pu frac tions in plu to nium in all en riched fuel
cases taken out from ADS DE SIGN A and B are plot -
ted in figs. 4(a) and 4(b), re spec tively. Fur ther more,
the de creases in 233U and 235U frac tions in ura nium in
the same en riched fuel cases are also plot ted in fig. 5.
In ad di tion to these fig ures the per cent ages of 233U and
239Pu in ura nium and plu to nium are given in tab. 4, re -
spec tively. As ap par ent from figs. 4(a) and 4(b), the
per cent ages of to tal of 239Pu and 241Pu in plu to nium
vary in the range of 77 % (in the case of A12) to 91 %
(in the case of B23) in all fuel cases at the BOC, and
they de crease grad u ally to around 39 % dur ing the op -
er a tion time. Fig ure 5 shows that al though the per cent -
ages of to tal 233U and 235U in ura nium are around 94 %
in all fuel cases at the BOC, they grad u ally de creased
to around 80 % af ter ap prox i mately 60 days. These
val ues dem on strate that the per cent ages of a to tal of
239Pu and 241Pu in all fuel cases are be low the weap -
ons-grade plu to nium (about 93 %). At BOC, the per -
cent ages of a to tal of 233U and 235U  (above 90 %) can
be de na tured by mix ing with nat u ral ura nium.
Nonetheless, these fu els by burn ing in the CANDU-37 
re ac tor fis sile per cent age can be de creased in a short
time (about 60 days).

Fuel burnup

In nu clear re ac tors, fuel burnup known as fuel uti li -
za tion is one of the most im por tant pa ram e ters and is de -
fined as a mea sure of how much en ergy is ob tained from a
pri mary nu clear fuel source. The value of burnup can be
cal cu lated in GWd/MTU or MWd/MTU as fol lows

   Burnup Burnup
Fission power

( ) ( )t t t
MTU

t+ = +D D (3)
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Fig ure 2(a). Dur ing op er a tion time, de creases in ef fec tive 
neu tron mul ti pli ca tion fac tor val ues in all en riched fu els
taken out from ADS DE SIGN A (NatUO2 case that it is in
good agree ment with [6, 12, 13])



where t is the op er a tion time and  MTU is the ab bre vi a -
tion of met ric tons of ura nium.

In our pre vi ous study [22], in the ADS de sign A,
burnup val ues in creased to 11 and 29 GWd/MTU  ac -
cord ing to the fuel cases. These in creases are be tween
30 and 37 GWd/MTU in the ADS de sign B, ac cord ing
to the fuel cases, (see tab. 4 in [22]).

Fig ures 6(a) and 6(b) de pict the ac cu mu la tions
of burnup val ues in all en riched fuel cases taken out
from ADS DE SIGN A and B, re spec tively, dur ing the
op er a tion time. As ap par ent from eq. (3) and these
figs., the burnup value in creases by add ing on dur ing
the op er a tion time. One can see from figs. 6(a) and

6(b) that the burnup pro files of cases of A12 and A13
and A22 and A23 are sep a rately very close to each
other. Sim i lar close ness also ex ists sep a rately  be -
tween the pro files of cases of B11 and B21, B12 and
B22, B13 and B23, and B14 and B24. In ad di tion to
figs. 6(a) and 6(b), the burnup val ues at the EOC are
given in tab. 4 for all en riched fuel cases. As ap par ent
from this ta bles gen er ally, at the EOC, the burnup val -
ues of en riched fu els taken out from ADS DE SIGN B,
(be tween 26.770 and 33.540 GWd/MTU) are a higher
mean of 30 % than  those from ADS DE SIGN A, (be -
tween 18.060 and 24.270 GWd/MTU).  In the NatUO2

case, this value in creases to 7.674 GWd/MTU) at EOC
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Fig ure 2(b). Dur ing op er a tion time, de creases in ef fec tive neu tron mul ti pli ca tion fac tor val ues in
all en riched fu els taken out from ADS DE SIGN B
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Fig ure 3(a). Dur ing op er a tion time, de creases in CFFE
val ues of all en riched fu els taken out from ADS DE SIGN A  

Fig ure 3(b). Dur ing op er a tion time, de creases in CFFE
val ues of all en riched fu els taken out from ADS DE SIGN B

Fig ure 4(a). Dur ing op er a tion time, de creases of 239Pu and
241Pu frac tions in plu to nium in all en riched fuel cases taken
out from ADS DE SIGN A 

Fig ure 4(b). Dur ing op er a tion time, de creases of 239Pu and 
241Pu frac tions in plu to nium in all en riched fuel cases
taken out from ADS DE SIGN B



(180 days) 180 days. Sahin et al. [6] re port that the
burnup value in creases to about 7.700 GWd/MTU in
the CANDU re ac tor fu elled with the NatUO2 at the end
of a burn time of 170 days and is in good agree ment
with the burnup value in [24]. This means that the 
burnup val ues of en riched fu els taken out from ADS
DE SIGN B are the mean 3.5-4.5 times the burnup
value of the CANDU-37 re ac tor fed with the NatUO2

fuel. These re sults bring out that in terms of en ergy
gen er a tion, the CANDU 37 re ac tor was fu elled with
the en riched spent fu els taken from [22] has a higher
per for mance than the NatUO2 fuel.

CONCLUSIONS AND RECOMMENDATIONS

In this study, the neutronic cal cu la tions are made 
by con sid er ing an as sem bly in stead of the whole
CANDU 37 re ac tor and only the neutronic per for -
mances of the en riched fu els in ADS DE SIGN A and B 
are in ves ti gated.

Con clu sions: To ana lyse the re us abil ity per for -
mance of the en riched ThO2, PWR, and CANDU
spent fu els (14 dif fer ent en riched fuel cases) taken out
from two dif fer ent ADS re ac tors fu elled with mi nor
ac ti nide, the CANDU-37 re ac tor is con sid ered and the
ob tained re sults are briefly pre sented as fol lows:
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Fig ure 5. Dur ing op er a tion time, de creases of 233U and 235U frac tions in ura nium in all en riched fuel cases taken out from
ADS DE SIGN A and B
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Fig ure 6(a). Dur ing op er a tion time, ac cu mu la tion of burnup val ues in all en riched fuel cases taken out from ADS DE SIGN A

Fig ure 6(b). Dur ing op er a tion time, ac cu mu la tion of burnup val ues in all en riched fuel cases taken out from ADS DE SIGN B 



– The CANDU-37 re ac tor fu elled with the en riched
fu els in the ADS DE SIGN B op er ates for a lon ger
time than that fu elled with the en riched fu els in the 
ADS DE SIGN A and also the NatUO2 fuel.

– At the end of ef fec tive burn times, the CFFE de -
creases to val ues vary ing from 0.62 % to 1.85 % ac -
cord ing to the en riched fuel cases. In the NatUO2 fuel
case, this de crease is from 0.711 % to 0.591 %.

– The per cent ages of a to tal of 239Pu and 241Pu in all
fuel cases are be low weap ons-grade plu to nium
(about 93 %). Al though, at BOC, the per cent ages
of a to tal of 233U and 235U (above 90 %) this per -
cent age de creased to be low 90 % in a short time
(about 60 days).

– At the end of ef fec tive burn times, the burnup
value reaches the val ues vary ing in the range of
26.770 and 33.540 GWd/MTU in the cases of en -
riched fu els taken out from ADS DE SIGN B.
These val ues are mean 30 % higher than the
burnup val ues of en riched fu els taken out from the
ADS DE SIGN A and are a mean 3.5-4.5 times the
burnup value of the CANDU-37 re ac tor fed with
the NatUO2 fuel.

– The re sults bring out that the ThO2 and PWR and
CANDU spent fu els en riched in mi nor ac ti nide
fu elled ADS re ac tors in stead of NatUO2 can be re -
used with high ef fi ciency in the CANDU-37 re ac -
tor.

Con se quently, in terms of en ergy pro duc tion, the 
CANDU-37 re ac tor fu elled with the ThO2 and the
UO2 ex tracted from PWR and CANDU spent fu els,
which are en riched in ADS de signs, has higher
neutronic per for mance than the CANDU 37 re ac tor
fu elled with the NatUO2 fuel.

Rec om men da tions: The de creas ing CFFE val -
ues in the CANDU-37 re ac tor dur ing the ef fec tive
burn time can be in creased by re peat ing the en rich -
ment in ADS DE SIGN and these en riched fu els can be
used as fuel in the CANDU-37 re ac tor again. Among
the 14 dif fer ent en riched fuel cases, those with suf fi -
cient CFFE val ues can be used with the same pro -
cesses in also the PWR re ac tor.
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Bu{ra DURMAZ, Gizem BAKIR, Alper Bugra ARSLAN, Husejin JAPIXI

ANALIZA  PONOVNE  UPOTREBE  ThO2  I  ISTRO[ENIH
UO2  GORIVA OBOGA]ENIH  SISTEMOM  POKRETANIM

AKCELERATOROM  U  CANDU  REAKTORU

Predstavqena je analiza ponovne upotrebe ThO2 i istro{enih UO2 goriva oboga}enih u
dva  razli~ita reaktora pokretana akceleratorom sa gorivom od minornih aktinida. Istro{ena 
UO2  goriva izvla~e se iz istro{enih goriva PWR i CANDU reaktora. Za ovu analizu razmatran je
reaktor CANDU-37 ukupne termi~ke snage fisije od 2156 MW i analizirano je 14 razli~itih
slu~ajeva oboga}enih goriva uzetih iz prethodnih procesa oboga}ivawa sagorevawem u ovom
reaktoru. Trodimenzionalni vremenski zavisni prora~uni kriti~nog sagorevawa izvode se
kori{}ewem MCNP 2.7 koda. Da bi se odredilo efektivno vreme sagorevawa ovi prora~uni
sprovode se sve dok se vrednosti kinf ne smawe pribli`no do praga kriti~nosti od 1.05 za sve
istra{ene slu~ajeve. Ispostavqa se da su u svim kasetama oboga}enog goriva procenti fisibilnih
izotopa 239Pu i 233U ispod nivoa plutonijuma i uranijuma za oru`je. Na kraju efektivnog vremena
sagorevawa, izgarawe mo`e dosti}i vrednosti koje variraju u opsegu od 26.770 GWd do 33.540 GWd
po metri~koj toni uranijuma, {to je u proseku 3.5-4.5 puta vi{e od vrednosti izgarawa reaktora
CANDU-37 koji se napaja prirodnim UO2 gorivom. Rezultati pokazuju da u smislu proizvodwe
energije, reaktor CANDU-37 sa gorivom ThO2 i istro{enim UO2 gorivima oboga}enim sistemima
pokretanim akceleratorom, ispoqavaju boqa neutronska svojstva od uobi~ajenog CANDU-37
reaktora.

Kqu~ne reci: CANDU reaktor, termi~ki reaktor, sistem pokretan akceleratorom, 
......................... kori{}ewe oboga}enog istro{enog goriva, iskori{}ewe torijuma


