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Transmutation of minor actinides (MAs) is investigated for two types of BWR fuel (UO2 and MOX) and
for an HCR fuel.

Irradiation calculation for pure MAs shows that, while transmutation by fission is scarce, half-lives of
principal daughter actinides are much shorter than those of parent MAs, indicating potential transmutation
of MAs in these reactors.

Concentrated recycling of MAs is evaluated for these fuels, where additional enrichment is determined to
compensate for reactivity penalty due to MAs.

Fuel material balance, transmutation rate, reactivity coefficients, and other fuel cycle effects are discussed.
It is concluded that, though transmutation rate is highest in U02 fuel, MOX fuel is most suitable as
MA-carrier, because of its minimum fuel cycle effects.
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ABSTRACT

Transmutation of minor actinides (MAs) & investigated
for two types of BWR fuel (UC, and MOX) and for an
HCR fuei. [Irradiation calewlation for pure BbAs shows
that, while mansmumation by fission s scarce, half-lives
of principal daughier actinkdes are much shoner than
those of parcnt MAs, indicating porential transmutation
of MAs in these mactors. Concentrated recycling of
MAs & evaluated for these fuels, where additional
earichment s ¢etermined o compensate for reacuivicy
penalty due to MAs. Fuel material balance, transmura-
von rate, reactivity coefficeents, amd other fuel cycle
effects are discussed. It 5 concluded that, though trans-
murateen rate 8 highest i U0y fuel, MOX fuel s most
suitable as MA-cammier, because of S minimum  fuesl
cycle effects.

1. INTRODUCTION

Tramgmutation of mingr actinides (MAs) & mpor-
tant to reduce long-term hazard for geologieal deposal of

high level wastes (HLW:).,  Since fssion-to-capiure
cross section mtos of MAs are larger for higher energy
neutrons, f seems matural w0 orecycle them in fast reac-
tors 1w be convened into fission products (FPs).  How-
ever, it can be expected w transmute MAs into other
actinides of shomer half-lives by means of newron cap-
ture. In this sense, recyching MAs in thermal reactors is
worth smdying, mking advantage of large newiron cap-
ture croas sections and high thermal neumron flox level.

This smudy evaluates poential mransmutation of MAs
in current BWR and high conversion BWR (HCR)! Two
types of fuel are comsidered for BWER: uranium-oxide
(U0} and mized-oxide (MOX) fuels. U0, fuel can be
expected o be efficient in MA tesmuotation, because of
in high thermal newton flux lovel, On the contrary,
MOX feel s favored, because the incressed mdiaton
dose rate due to MAs can be coversd by that dug to plu-
tonium isotopes.  One of the purpoies & 0 Compan
these tao types of fuel a8 MA-camer, from the view-
point of overall fuel cycle effects.  For HCE, highly-
enriched MOX-type fuel & evaluaed, o study newtron
spectrum dependence of MA rransmuration,
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Fig. 1. Aconide rransmutation clain employed in this study .
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Table1l  Isotopic composition of spent L0, fuel

Minor e Plutonium  pgmy

actinides lapuopes

Np-237  0.0588 Pu-238 0023

Am-241 0.0233 -39 0473
-24%  Qu0L42 -240  0.265

Cm-242  0.00002 =241 01l
-244 00047 242 0.063

Imicial U235 enrichment = 4.0 wih.
Discharge burmup = 45 GWd'h.
Cooling time = 3 yr.

2 CALCULATIONAL ASSUMPTIONS

Isotopic composition of spent UO, fuel, whose ini-
tial U-235 enrichment 5 4.0 wit%, & given in Table 1.
Mp-237, Am-241 and Am-243 account for the majority of
Masg, which are investigated in this study. Curom iso-
topes are asswumed not o be recveled bur to be disposed
a5 HLWs, because they are very shor-lived and are
less produced than other MAs.  IF curum isolopes are
recycled, fuel fabrication and transportation would be
sertoualy ifTuenced by therr grear neutron emssion from
spontaneous fssion and (a0} reaction.

Depletion calculations for BWER fuels are made with
the lattice physics code TGBLA.? while for HOR fuel the
HELIOS HX code’ s uwsed.  Figure | shows actinide
ransmutatkon chain emploved i this soody. Muoclear
data are gencrated from ENDEF-IV or EMDE-Y for um-
niwm and plutenium soopes, and from JEMNDL-3 for oth-
er actinides.

Inival enrichments for refercoce Uy, MOX and

HCR fuels are given in Table 2, which are determined to

achieve a dicharge burnup of 45 GWd't, The same bur-
nup & assumed for all fusl cvpes, o eliminae 5 great
mfluence on MA transmutation.  Since current BWER
fuels are implemented with natural vranm blanket on
iop and bottom ends, enrichments are given in Table 2
for internal enmched zones,  Plufonium Sobopic vector
enriched to MOX and HCR fuzls 8 that recovered from
spent UQ, fuel after three-years” cooling, a8 given in
Table 1.

3. TRANSMUTATION PRODUCTS OF
MINOR ACTINIDES

It is impomamt o reveal which noclides are produced
by burning MAsz, I depleton calculation 5 made for
MAs mined up with fuel materals, transmutstion prod-
ucts of MAs could pot be disunguished from those of fusl
materials, Ths, imadiation of pure MA B convenient for
this purpose,

To do this, depletion calculation by TGBLA or
HELIJS HX i3 made for reference fuels that are free
from MAs, and multi-group cross sectiors are collapsed
Il GRe-Eroup Cross sections.  They, in tum, are fed o
the point depletion code ORIGEN-2.

Irradiation calculation for purc MNp-237, Am-241 or
Am-243 B made with different newtron spectm simulat-
ing U0y, MOX and HCR fuels, until neutron fluence accu-
mulates ep o that for burnup of 43 GWdt Lotopic com-
postions after rrad@ton are shown in Fig. 2.

Tramsmumtion raies for all these MAs are highest
in U0y fuel, while difference is small between MOX and
HCE fucls. Harder neutron spectrum in MOX fuel, due
to large absorption cross sections of plutonium Botopes,
reduces newtron caplure cross sections of MAs, It also
reduces fission cross sectons of fissile maernals, which,
in turn, Ases nestron fus level o generate the same
power demsity as UQ; fuel. However, increase in neu-
tron flux level & smaller than expected, because fmsile
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Fig. 2. Tramsmutation products of pure MAs. OA denotes other gotinides than specified.
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enrichment i incréased O maintam reactivity. As a con-
sequence, the reaction rates for MaAs ame smaller in
MOX fuel than in UQ; fuel. For HCR fuel, increase in

neutron flux level cancels oot decrease i neutron cap-
wre cross sections of MAs, resulung i nearly equal
transmutation rates o MOX Tuel.

Transmutation products are alse shown i Fig. 2, in
which FP denotes the amount of MAs that have trans-
muted inte FPs, including fissions of those actinides
which had been produced by Successive neutron cap-
wres.  The fission mte 5 highest, not in HCR fuel of
hardest neutron spectrum, bt in Uly fuel. Mo that
both Np-237 and Am-241 mmansmute mainly into Pu-238,
whose half-life & much shorter than those of the parem
Mz,  Similarly, Am-243 tansmutes mainly into Cm-
244, which has very short half-life.

Corsidering short half-lives of prncipal daughter
actinides for the three MAs méntioned above, thermal
recycling & cffective o reduce long-term  hazard of
HLWs. While recycling MAs in UQy fuel 8 more effi-
cient than i MOX and HCR fuels for this purpose, the
conclusion 5 sull open until overall fuel cycle effects are
eviluated,

4, CONCENTRATED RECYCLING

Figure 3 shows material flow for MA tmansmutation
fuel cycle. Multiple recycling is mot considered in this
siudy. Np-237, Am-241 and Am-243, recovered from
spent UQy fuel by panitioning, are recycled into MA-
buming reactor. They are umformiy added to all the fuel
rods within the fuel assembly. Initial MA content per
fuel for MA-burning reactor is assumed o be 1, 5 or 10
times that recovered from spent reference U0, fuel given
in Table 1. Concentrated recycling 15 favored 1o minimize
MA proliferation in fuel cycle, while nuclear perfor-
mances would limit the maximum MA comtent per fuel.

4-1. Fuel material balance

Adding MAs 10 the fuel reduc® k_ throughout the

NU Pu Mp, Am WL
i —
Enriching i Enriching
i MOX or
UD; fuel : HCR fuel U0, fuel
T
Fabrication (S~ Fabrcation
f (lyr) |
U0,-fueled ! MA-buming
BWR | BWHR or HCR
(3yr) | o L
| Reprocess Reprocess
Np. Am I
Parttioirng | Multiple recycling of
Mg is not considensd.
FPs, Cm
Diposal

Fig.3. Material flow for MaA transmuation fuel cycle.
Broken armows indicate material feeds from othe
er UD,fueled BWRs if necessary. Time lag s

given in parenthesis,

life, Reactivity penalty is evaluated at the core-aver-
aged burnup for end-of-cycle (EOC), which is given in
Table 2. It is smaller for fuel type of harder neutron spec-
trum, because of smaller pewtron Capiure Cross Sections
of MAs. In all fuel types, the penalty incresses almost
lingarly with initial MA content, implying that resonance
self-shiclding effect B small for the MA concentratiom
under study,

To compensate for this reactivity pemalty, additional
enrichment i determined to preserve EOC k. As given
i Table 2, additional enrichment & highest in MOX fuel,
because reactivity worth is lower for fissile plutonium

Tahle2  [Initial and discharged fuel material balance
Fuel type uo, MOX HCR
Mo, of MA-supplying BWEs  Ref. 1 5 1] Ref. 1 5 10 Ref. 1 5 10
Reactivity penalty (% 4 k) 00 074 344 654 00 047 230 442 00 030 144 277
Imitial (wik) U-235 4000 4006 4521 5153 OOR1 0081 0078 0174 0174 0174 0172 0169
Pu-fiss. 00 ©0 00 00 5779 5957 6740 T.647 E3200 8391 3.768 9.190
Discharged (wt%) U-235 0703 0768 1064 1523 0091 00093 ﬂ.ﬂﬁ 0103 102 102 Q004 0105
Pu-fiss. 0.584 0605 0684 0773 3241 33937 4052 4EB17 6E5] 6920 T204 7523
Fissile consumed (Wi ) 2713 2723 2771 2857 A28 2652 2TER 2001 1.521 1542 1632 1.731
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Fig. 4. Balance betwesn plutonium and BAs,  Solid
and dashed lines represent meactivity  and
material balances, respectively. Open circles

are taken from Table 2. At elosed circles, both
reactivity and material balances are mainained.

isoopes than for =235 under thermal neutn Spectaim,
The amount of fissile matenals consumed during
irradiation % also given n Table 2. Dis increase with ini-
tial MA content 5 smaller than initial  ennchment
increase.  Since constant discharge burmup consumes the
same amount of f@sile materzals, no addnional fissile
material takes part in enerpy production.  As 3 resull

tial enrichment, amnd hence recycling fissile materiaks
recovered from spent fuels improves resource utilization.

Since pluonium 8 fed from [Os-fueled BWRs by
reprocess, the material balarce berween plutoniam and
MAs is mportant. Figure 4 shows the selation berween
the nembers of plutonium-supplying BWRs and of MA-
supplying BWRs. Open circles represent the reactivity
balance taken from Table 2, which can be approximated
lincarly as indicated by solid lines. When these lines
intersect with the dashed line. the simple material bal-
ance, reactivity penalty due 1o MAs can be compensated
for by plutonium recovered from BWRs of the same num-
ber as MA-supplying BWHs., This balance 5 found at
15 BWEs for MOX fuel and [7 BWRs for HCR fuel, as
indicated by closed circles in Fig. 4.

4-2, Transmutation rate

MA concentration in spent fuels 5 given in Table 3,
from which tramsmutation rate & caloulated as the inital
content less net residial.  Since MAs remaining in spent
MA-bearing fueel come nod only from initial MAs but also
from fizel matenals, the lamer conmibution must be elimi-
mated o obtain the net residual.

The amount of MAs originated from fuel maerals s
calculated by depleting MA-free fusls, whose imital fis-
sile enrichments are those given in Table 2. MA concen-
traion in spent these fuels 5 given in parenthesis in
Table 3. Compared with reference fuels, more Np-237 &
prodoced in U0, fuel, and more americium Sotopes are
produced in MOX and HCR fuels, since their productions
are dependent on U-235 and pletonium  ensichments,
respectively.  Note, in addition, that nesron absorption

more fissile materials remain in spent fuel of higher ini- by Pu-241 competes with s bew-decay.  Therefore,
Table3 MA concentration in spent fuels - (wif)
Fuzl ype U, MOX HCR
NMB. * Refl. 1 5 1o Bef. 5 in Ref. 1 5 10
Mp-23T 00588 00732 01639 02965 00141 00437 01707 03456 00236 00528 00750 03382
o {00592 00608 00626 ) (odl oO0t4r 00141 ) {00236 00234 00233 )
Am-241 0073 00247 00316 00443  O3100 03289 04134 05221 04924 05069 05684 0.6477
¥k {00234 00235 00236 ) (03225 03774 04413) [ 4982 05223 0.5500)
-243 00142 00166 00281 0.0474 00578 Olede 01942 02340 01995 02055 023110 02657
* {00136 00115 Q0082 ) (0,059 01649 01708 ) (02000 02022 02043 )
Cr-242 o000z 000003 000006 GO0 000024 000026 000032 000039 CUO00ET  OUD00EE  DUODO3S  0.0003E
- [DO000Z 000002 000002 ) {0.00025 000026 DUDDOZE ) {00027 OUOI2R  0.00028 )
244 00047 00113 0BT 00650 N0eTy 00725 00922 01146 00767 00808 00969 01158
¥k (00045 00036 00026 ) {00669 00651 0.0630) {00762 00740 0.OT15)

* Mumber of MA-supplying BWRs.
** Figures in parentheses are MA concentrations originated from fuel materals.
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Fig. 5. Trmmmuaion me of MaAs by concentrated recycling.

neutron absorption eross secuon of Po-241, reduced by
harder neufron specirurm, accelerates Am-241 production
but decelerates Am-243 productton in MOX and HCR
fuels. These effects are more pronounced in MOX fuel,
because npewutron spectrum change dus to addibonal
enrichment & mone enhanced.

Transmutation e, thus calculated, 5 shown n
Fig. 5. Similar trend is observed as in Fig. 20 Transmu-
tation mates for all these MAs are appreciably higher in
U0y fuel than in MOX and HCR fugls. Note again that
hardesy newron spectrum in HCR fuwel imnsmuotes least
Mas.  In all fuel rypes, transmutation rate decreasses
with rtial MA  coment, since increased enrichment
reduces neurron capiure cross sections of MAs and neu-
vron flux level.

4-3. Reactivity coefficicnts

Reactivity coefficients evaluated at EOC burnup are
summarized in Table 4. In Uy fuel, voud coefficient
becomes  more  peganve, and  reactiviy  difference

berween cold and hot operting condinons  (cold-hot
swing) increases with instal Ma coment; both are unfa-
vorable features for BWR. Tn MOX and HCR fuels, how-
ever, magnitudes of vold coefficient and cold-kot swing
decrease. Change in Doppler coefficient is small in all
Fuel types.

Voul coefficient depends on fissile enrichment rather
than MA content. For UO, and MOX fuels, k_ decreas-
g5 with wvoud increase, since decrease i mSonance
escape probability overcomes increase in thermal neu-
tron wtilization.  However, void dependemce of Kk
becomes smaller or even positive for HCR fugl, because
gta-value of Pu-24] increases with spectrum hardening
due w void increase. This positive dependence of eta-
valug on spectrum hardening, in tum, makes void coeffi-
cient less negative for MA-beanng MOX and HCR
fuels, since additional fissile enrchment shifis newtron
specimum harder.

In reference fuels, magnitude of reactivity coeffi-
cients is larger in MOX fuel than in UO, fuel. Therefore,
some changes of fuel lattice design, such as incréase in

Table 4 EOC reactivity coefficients

Fuel type U,

MOX HCR

Mo, of MA-supplying BWRs Ref. 1 5 1

Ref. 1 3 1o Ref. 1 5 1]

Void coef. (e} -660 -671 -7T08 -7.15
Doppler coef. (10 %4 kkC) -1.78 -1.77 -1.71 -1.66
(% dkk) +4.41 +4.63 +536 +6.14

Cold-hot swing *

-8.37 -8.24 -760 675 -295 171 -178 070
1,76 175 -169 1463 2200 208 <159 -1.90
589 4587 +574 4551 #4479 +430 +356 +21.74

* Reactivity difference between cold and hot operating conditions.
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moderator-to-fuel matio, are desirable in MOX fuel to be
commpatible with U0 fuzl in a BWH core. Table 4 sug-

pests that enrichment increase in MA-beaning MOX fuel
has the potential to minimize ladice changes for compati=
bality, However, in HCR Tuel, less negative void coeffi-
cient 15 prohibioye, which iends o be positive.

d-d, Other fuel cycle effects

As B already discussed, recveling MAs increases
Pu-Z38 production. This is most pronounced in UO, fuel,
because Pu-238 comes not only from MAs but also from
plutoniem sotopes via Cm-242 in MOX and HCR foels.
Increased nevtron ermissien from (a,n) reacton, in Pu-
238 rich plurenium, influences fuel fabrication and mans-
portation, when plutorium recovered from spent MA-
bearing fuels is recyeled,

Recycling Np-237 also increases Pu-236 and U-232
productions, whose daughters are known to emit high
SAETEY EAmMma-mays.~  Their concentratiors o Spenl
fuels are shown in Fig. 6. Concentration of Pu-236 =5
smaller than that of U-232, because accurnulated Pu-236
decays imto U-232 during cooling time, Therefore, U-232
increase more influences umanium recyelimg than Pe-236
increase does platonium recyelimg.

(wit®) (wit%:)
103 . T
HCR
MOX
o
10 $ dips
HCR
107 MOX —10-®
U0,
108 —’im-"
1 1 JIDB
0 5 ) 15

Mumber of MA-supplying BW Hs

Fig. 6. U-232 and Pu-236 concentrations in spent fuels.

5 SUMMARY AND CONCLUSION

Transmutation of MAs has been invesugated for
two types of BWR fuel (U0, and MOX) and for an HCR
fuel.

Iradiation caleuwlation for pure MAs has shown
which nuclides are produced by bumning MAs in BWR
and HCR cores, While transmutation by fission is
scarce, Np-237 and Am-241 are ransmuted maindy into
Pu-238, and Am-243 imo Cm-244.  Since these daugh-
ter actinides are very shon-lived, recycling MAs in
BWR and HCR is shown to have the potential to reduce
long-term hazand of HLWs,

Fuel cycle consideration in concenmtrated recycling
has shown that, though trargmuetason e 5 highest in
U0y fuel, MOX fuel is most suitable as MA-carrier for
the following reasons:

L. Increased radiation dose rate due to MAs could be
covered by that due to plutonium Sotopes, thus
minimizing influsnce on fuel Fabrication and trans-
poTtation.

2. Fissile enrichment increase in MA-bearing MOX
fuel reduces magnitude of reactivity coefficients, o
be compatible with U, fuel with mimum change of
fuel tamice design. Too less negative void coeffi-
cient in HCR fuel is prohibited.

3, Incresse in Pou-238 and 1U-232 productions may
influence plutoniwm and uranium recycling from
spent MA-bearing UQ, fuel.

4. Transmutation rates of MAs are nearly exgusl
bepween BMOX and HCR fuels.

Although evaluation s made on the basis of specific
fuels in this stody, it & of more practical importance o
discuss MA  mansmutation for todal power generating
system.  Americium producton from plutonium Soiopes
must be consistently taken into account, because Am-
241 is penerated from beta-decay of Pu-241 even if plu-
tonium is not recycled bat stored in 3 fuel eycle facility.
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