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TNTROCUCTION

Discharged fuel from lLight water reactors contains
uranium with U~235 sarichment of between 0.7 and 0.95
wtl. . This wranium, after separation and refabri~
cation, can be used in CANDU or, after separation,
re~enrichment and refabrication, im a lLight water
reactor. The physica and economic {mplications of
uytilizing this uranium {n thesa reactor systems 1is
exanined.

CHARACTERISTICS OF RECOVERED URANTIUM
Typical compositicus foxr natural uesoium, enriched

uranium and reprocessed uranium,
Referance 1 are reproduced here in Table 1.

TABLE 1

TIPICAL URANIUM COMPOSITICN

Natural Enriched Reprocessed
p-232 0. S t.l x 1077
=234 0.0053% 0.03 0.02
=235 0.72 3.2% 0.91
u-236 ' 9 Q 0.42
g-238 99.27% 96.72 98.53

The sccuswlation of the isotopas U=132, U~134 and

=236 introduces problems into ths recyels of
uranium.
U=232 ia not present in fresh fuel. It poses &
radiological hazavd in both tha re-enticiment and
Bacanse it is present in
low concentration, it does coc have resctor physics
implicaciony.

U=234 {s presant in natural wani Its
tration is increased by enrichment and, although it
burns cue, the copcenerarion in reprocessed fusl is
higher than natural uraniue. It causes raactofl
physics problems dum to oeutron sheorption and ics
alphs activity could pose probleme in fusl fabri~
cation.

T=214§ is w0t poasanc 1o fresh fueal. It buflds up
during {rradiacion and its weucron absorption
prasacts major reaactor physics problems.

as given in’

RECYCLE OPTIONS

There are four options by which reprocessed
uranivm <¢an be used to veduce wunatural wranium
tequirestents,

(a) blend with more highly enriched uranium aod
recycle in LWRs,

(b) re-sorich and recycle in LWRs,

{e) blead wich oatural uranium snd earich, and
recyele in LUWRs,

(d) use in CANDU.

Option (a) requires abour 20% umore SWU than is
required either by Optices (b) and (c) or by enrich-
ing natural uranium to the desired level. The com-
bined effect of blanding and discarding the fuel
after threa of so cycles iz o reduce the uranium
savings and SWU savings traditicoally gained by
uranium recycle by one third and one half, respect—~
ively (Raferance 2). This option i{s not seen to b a
long term solution.

Option (b) asutfers from the problem of ever
iocreasing levels of U-232, ©U-234 and U-236. The
U=2332 leval In reprocesssed uracium, Table 1, 1s
slready vear the lmit of scceptabilicy at Do
anrichmant plants {(Referemce 3). Hultiple recycle
uay than be Iimpossidls dua to contmmination of the
anrichment plant.

Option (&) rwsolves most of the problems already
goted but still suffers from a slow btuild up of
J-232, 0-234 and U-236 and larger mounts of contam—
Joated uranium.

In Option (d), rhe rveprocesssd wanium is fabri-
catad inta CANDT fosl bundles. At discharge, the
U=23% concentration is at or baulow that of enrichmant
plant tatls and can be discarded without the need for
furthar racycle. ,

Bacguse Option (a) i.e., blendicg with higher
enciched uranius, does not sppear % be a cradible
long=tar= option, only options (b), (c) aod (d) will
be cousidered furthar. .

METEODS OF ANALYSIS

The dats ©0 be presanced were obtsined from the
United States code ORIGEN-2 (Refarance 4). This
videly used c¢ode hes basn valideted for LWR and CANDU
rasctorss Sevaral winor madificacions ware oade to
tha code to enable easier sst up of tha necessary
sequeances of calculations. In addition, the capa—
bilicy of wsinulating an enrichment plant usipy the
aquations of da 1a Garza (Refarecce 5) was incotpor—
ated., Using theas equations, tha effect of eorich-
mant on 4uy uranium isotope can be caleunlated.

92060001



It is assumed that there {3 a cooling time of five
years between the fuel being discharged and reproces-~
sed, and that there i3 no loss of uranium {n repro~
cesging, re-enrichment or fabrication. In ail cases,
when the wranium is re~enriched the tails assay is
taken to be 0.25 Z by weight. When 1light sater
teactor reeyeling is conafdered, the wuranfum s
assumed to be reecycled in the zype of reactor, BWR o
FWR, which produced it.

As discussed above, two tecyeling wethods have
been consfdered for LWR,

(1) Yo Blending. The diacharged fuel fs repro~
cenaed, re-enriched, and refabricated. A asufficlent
number of reactors is assumed to be in the system to
provide fuel for one recycle reactor.

(2) Blended . The discharged fual from one
resctor 1s reprocessed and hlended with sufficient
odtural uwanium bafore re—enrichaent.

Recycle in CANDU of reprocassed uranlum fuel dis-
charged from LWRs after up to two prior recycles in
as LWR has been considered.-

PHYSICS ASPECTS

Effects Dua to Initfal Uranium Compositicn

All fsotopss of uranium are presant {o the spent
fuel. Three are of particular importance, U-232,
C=234 spd U-236. While 0=232 i{» itself not radio~
toxic, eome of its daughtsr meclides, a.g., T1-208,
are, T1-208, vith a half-lifs of sbout thres mioutaes
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emits hard 2.6 Mev gamma radlation. 1!-232 (s gener-
ated partly by alpha decay of Pu=236 with a balf life
of about 2.8 years, The U-232 content is then
influenced by the cooling time berfore reprocessing.

-Problems can arise due zo cthe radicactivity of the

U-232 daughters during refabrication and re—enrich-
nent.,

U=234 and U-236 are neutron absorbers. Major
effects are due fo U-2236 which, although having only
a fairly small thermal rneutron cross-section, has a
significant resonance cross—saction. The absorption
ia U-236 18 then sensitive to the neutron spectrum.
In the fairly hard spectrum of light water reactors,
the redonance abgsorption 1s appreciadle and o com—
pensate for It the uranium must bhe enriched to a
greater level than would be the case when natural
uraoium is used as the source mcerial.

Figure 1 ghows. hov the enrichment #ust be inc-
reaged as a function of U~236 content for hoth PUR
amndt BWR. In both cases, approximacely an extra 0.3 %
U=235 by waight 18 needed to compennate for each X by
welght of U-236.

In the relatively soft neutron spectrum of CANDU,
the U~236 has & iess important role aod only about an
extra 0.044% U~235 by weight 1s needed to cempensare
for ench X by waight of U-236.

b~ I3 MO BLENONG

YRt NO BLENONG
YZ3hsW HO BLENOMNG

WEKGHT PERCENT

1
ISR OF RECYOLES

FGRE Is URIL UM, U236 WEGHT PERCENT AT THE START
OF AN ARADIATION AS A RMCTION OF NUPBER
OF RECYOES ™ A Bwit

Wheo the fusl 1s vecycled in light wmter resctors
the adverse affects of these Chree leotopes incressa
as thoir trations increase. The conceatration
at tho beginning of en irradiation is givan ia Figure
2a plotted mgainst the mumber of recycles for a BWR
apd in Pigurs 2b for a PWR. The baneficlal effect of
dilution provided by the blending method of recycla
is abvious.

Spent Fuel Properties

Moltiple racycle in light witear veactors tequires
iocreased initial U-235 enrichuent. The residual
0«235 aenrichment {n tha discharged fusl alsg
increnses vith the nunber of recycles as flluscraced
in Figure 3. In CANDU, the restidual U-~135 enrichment
is alvays at or balow the lavel of the tails assay of
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an enrichment plant and there is no incentive to
recover it.

with auleiple blended recycle (o light water
resctors, the plutonium concent, hoth tetal and
Eissile, of the spent fuel s essentially independent
af the number of recycles while with no blending
recycle it decreases. This is {llustrated in Figures
4 and 5. ..
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When tecycled light wtar rescror wranium is used
in CANDU, with tha etcsption of fual discharged after
zarn tecycles from a VR, the 4i fuml coue
tains oore plutonium then when CANDU is fualled wich

natyrsal uranius. Howaver, the fissile o total plu=-

toniua ratio is lesw than with astural wanjum fuel.
This 1s dirscely aceributable ta the higher iaitial
U=235% entichmant which snables the fusi to remain for
e longer pexicd im the reactor coras. The zero
recycla 3WR fual has an envichment of about Q.71 wiXk,
but the =236 reduces this to an effective enrichment
which 1 lass chan that of natural wanium. The
cotal piutonium wnd fiseile plutonium produced in

CANDU 13 showm as a function of the mumber of prior
vecycles {n a light water reactor in Figures ~ and
7.

The radicactivity and decay heat of the fuel after
discharge from a lipht wiater reactor are not particu-—
larly sensitive to the mumber of recycles. These

‘quantitfies depend primarily on the fuel *urmup which

s kept constant by chamging the enrichment to com—=
pensate for the wneutron absorpticn in U-234 and
§=~236.
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The rvadloactivity and decay heat of fuel dis-
charged from CANDU are sensitive to the rumber of
prior light water reactor recycles. Because the
=235 residwal enrichment increases with the aucher
of prior lizht warer reactot recycles, the ‘kuroup in
CANDU increases with the number of prior recvcles.
Correspondingly, the radicactlvity and decay henrt
{ncrease +with the dumber of prier recrcles. Tigura
82 compares the radicactivity of recycled Fuel from a
BYR and from a CAMGU fuelled with material recveled
frem 1 SwR. The correspordling rtesults fov MF Juel
are 1llustrated in Flgure 8b.
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Energy Yield .

Comparison of energy wleld far the svstems of
reactors shown ir Tizure 9 will he rmade in terms
the burpnup expressed as Wa/{Mg of natoral uranium).
The burnup was assumed to te 31,500 Mid/t for a PWR,
27,500 ¥Wd/c for a BUR, and 7,000 M%Wd/r for a naturil
uraniuvm CANCU. he turnup achieved by CANTU when the
wvariovs recycle fuels are used is given in Table 2.

TABLE 2

CANDU Zurnup with Recwvcle Fuels

Number of Prior
LNR Recycles

CANCY Burnup (Mkd/c)

PR * SR>
4] L3063 6211
1 ¥ot Blended 17350 12181
2 Not Blended 27768 20233
1 Blended 13944 9494k
2 Blended 14505 9977

%~ source ceactor of reprocessed U

N SUDEING RECTOLE LR RECYQLES
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NATULAL URMARIt SUPPLIE Sveqapmi

MPRER OF REACTORE W THE SYSTEN

ML ¥ ARCTOLE AEACTOR- STSTEMS

Por systems containfng only light wmter reactors,
the energy yvield fs shown plotted sgainsc the mumber
of recycles ta Pigura 10. For syatems containing
light wmter reactors and CANDU, the energy yleld Ls
showa plotted againsr the mumber of prior light
vater resctor racycles in Figure 1L.
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. tecycle (Beference 1, 13, 14).

In all cages the use of recycled uvramium in CANDU
fncreases the energy yleld when compared to the case
ailth an LWR replacing CANPU.  In parcfeular, after
one recvcls the inerease {n energy yield obtalned
with recycle {n CANCU i{s between 2 and 4 tiames thac
obtained with recycle In a PWR, depending on the
reevele werhod, ard hetwern 1.3 and 3 cimes chat
obtained with recycle ia a BWR.
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ECONOMIC ASPECTS OF BRECICLE IN UiRs

Until quire recently, the valuas of the repr d

Neutron Poison Penalty

The recovered uraniun containsg U234 and U236 and
these are transmitted through the re-enrichwent and
refabrication processes. Consequently, fuel for
insertion in the resctor cust be enriched to a higher
level to obtain the same burnup as fuel mde from

natural uwranium fuel. As 3 tesult, for a given gads

of recovered uranium, legg enriched fuel san be made
and rore sepatrative work mis used to peoduce the
tigher enrichment. Using <he fuel cyclie gziven (n
Table 1, as an example, the reprocessed wranifua would
have to be re-enriched to 3.32 weX U-2135 (because of
the U-234 and U-236 content) to obtain the same burn—
up as fuel made from 2 natural uranium feed which
only requires am enrichment of 3.25 weX Y-235. If
the teprocessed wuranium were blended with npatural
uranium bafore re-enrichment cthen 1t could be
entiched to a lower level, intermediate between 3.25
and 3.52 wti. However, this is only because U-234
and U=-236 would be distributed in a larger mass of
enriched uranium and the pemalty on the value would

be similar.

8ased on the above considerations, the value of
the reprocessed uranium can be calculated from the
value of the resultant enriched uranium. Although it
is at a nominal 3.52 weX U=-235 entichment, it ouniy
has a value equivalent to 3.25 wtX U=235 Fusl then
made from omtural uranium. The results of che
calculation are given in Table 3 below for a typical
caBl .

TABLE 3
VALUE OF REPROCESSED URANTUM

Natural U Cost (as UFg ) $US 75/kgt

Enricheant Cost §Us 150/%g sWU
Reprocessad U Composition is given in Table 1.

yranivs from spant LWR fusl has been of largely
acsdenic interast since only ssaxll smounts have bean
recovered and few utilitiss claiwed a credic in
astablishing wmclear slectricity geanerating coats.
Now, howevar, ijocressing seounts are baing Tecovered
at the Cap La Hsgue reprocessicg plant in France and
sore attention is being paid to the topic of waniuw
Warld= wide, the
smount could incresss to spproximacely 4000 Mg/sonum
by the end of the cuntury if the planned sdditionai
reprocessing capacity 1is brought {nto operatiom in
Feavce, UK, Cermany snd Japan. Obvicusly there will
bs an inceative to gain the meximusm ecooomic
advantsage from these growing stockpiles.

In most analyses the recoversd ursmium hae been
valusd according to its U-235 content, and a credit
equivalent t3 the cost of producing such slightly
snriched matarial in an earichment plant has been
aspumed. BRacycls of this material by re~encichment
would then give the same fiusl cyels costs as enriched
uranium produced from uatural wanium feed. Tha
discussion {n the precesding sections, hiwever,
illustraxes that this . aspprosch overvaluss the
recovered ursnjum and thers are potentially four
penalties to be spplied in calcuiating the credit, if
the costs for recycls ara 0 be the same as for the
initial cycle:

= the “neutron poison” ef fect
= & re=anrichmant penalty

= & fabricatioo penalty

= & epent fusl penalty

Zarichment Plant Tails :
{wel U-235) [ T0.2 0.25 0.3

Reaprocessed U Value =
Based ou U-23% Content
Ouly ($US/kg) 149.0 | 145.0 {147.0

Reprocessed U Value -
Based on U=234, U=-235 and
U=236 Content (4US/ky) 120.0 | 11%.0 | 123.0°

Reutyon Poison Panalty i
(3Us/kg) 9.0] 26.0 24,0,

The value of the reprocessad uranium dapends on
the cost of natural uranium, the cost of enrichment
SWT and the tails eurichsent at shich the earichaenc
plant oparates. Yor tha assumed natoral wanium and
SWT costs, optimom talls would ba spproxinstely 0.3
wtl U-233 but it is inown that sowe contracts are
sxscuted for nomoptimue taile.

The «ffect of the U=-234 and U-2)6 content is to
lower the raprocessed wanium valua by approximataly
20% balow the wvalde based on U=-235~contesnt slone.
Alterpatively, for the assuned cost conditions, the
asutron polson penalty can be ssaessed at approxi-
sacely 5US 6/gram of contained U=234 and U-236 in the
reprocessed wranium.
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Ra=Eurichment Penalty

Re-enrichment of  rteprocessed uranium poses
difficulties in at least two areas. UCepending on the
mode of operaclon, there is the possibility that
customers will recelve enriched uranium contaminated
with wmuanted isotopes (U=232, ©-234, U-236) regard-
legs of the feed-material they supply (Reference 6).
The enrichment plant. itself mav become contaminated
with the radioactive daughter products of =232 decay
leading te Jn Increase in uvperating and maintenance
costs. Obvicusly, in tuth cases, the impnretance of
these effects loncreases as the supply of reprocessed
uranium increases and forms a larger fraction of the
uranium feed to the plant.

Te guard against plant contamination, US DOE has
placed ao upper limit on U-232/U-225 ratfo in the
feed uranium at 0.1]1 ppm (Referemce 3). The data in
Table | 1llustrace thar cypical PWR reprocessed U may
already exceed that limit and it should also be noted
thar this is a calculated value for the U-232 content
and may be an umderestimate (Reference 7), There are
reports (Reference B) that US TOE charges an enrich-
ment premium on material that exceeds the specifi-
caction and that other enrichment suppliers have more
strict limita.

US [CE 1is curreantly vceviewing {its pollecy and
charges for re—enviching reprocessed uranfum, in.the
light of the expected incresse in the volume of this
form of feed (Reference 9). [t seems pogsible,
therefore, that re-entichment io existing plants way
ba more costly than with fresh natural waniuvam feed
buc no supplier has yet published any data on che
premius. Coe alternative could be the construction
of dedicated enrichment facilities which handle only
vepracaased uranium, Such an activity 1is
likely to noeed a Thigher anrichment price for
commgrcial viabilicy. N

Pabrication Fenalty

The fuel fabrication process uway aisoc be more
expensive. The proasence of U=232 daughcar products
and higher levels of U-234 aay require modi{ficstious
to tha procses to wcaintain personnel radiation
exposure within limite. Paramaters which will
influence cowe will isclude the concantration of
thase lsotopes (particularly uhether rhe uranius has
been diluted with nstural wanium befare re-enrich-
want), snd tha time delay since re=enrichment.

Agauin however, Do work has baen reported which
allowa an estimate of the afge of this potencial
ranalty.

Spant Fuel Penalty

This penalty ocunly has validity wvhen vecycling of
caprocessed material has tecome established to the
extent that cradits for recovared waterial (uranium
and plutoniuve) dre {ocluded o establishiog elect=
ricicy rates. Whan reprocessed uranium is irradi-
atad, the resultant spant fuel aAleso contains vranive
and plutocatum which {s recovarsd. Howsvat both
aaterials contain even highar lavels of wndesirable
isotopes. TIn the case of the uranium, the leveis of
=232, U~234 and 0~236 will have incressed to an
extent that the oetarial cannot be recycled and is
relatively valusless (Reference 10). The plutoniua
will contain lavels of Pu~236 and Py=238 which ara

3=5 times higher and will = incur eome fabricatisn
cost penalty.

Consequently, the spenc fuel aradits will he
considerably reduced celative to those for caterial
which has not been recycled and this will further
reduce the value of the reprocessed .

In order to maintain the same fuelling costs, the
uranium must e valued significantle
Palow {cs value hased onlw an frs =037 ¢oarent.
Foutr penalties have Teen identiffed nr  the aust
inpact of only one can te estimated at th.s olnt in
time. The maximum wvalue of the xanium «J1 be
approximately 50% of {rs "U-235+ equivalent”™ walue
and the other three penalties may result in Further
significant reductions.

reprocessed

ECOKOMICS OF RECYCLE IN CANDU

Tt has been lknown for many years, chat use of low—
entiched wranium (LEU)} in .CANDY may rroduce lover
fualling costs than natural uraaium fuelling, pro-
vided the cogt of enrichment services {3 not too
great (Ref. 1l). Similarly, previous work (Ref. 12)

TABLE &

CANDU FATURAL U AND REPROCESSED LWR IN FUELLING |
ONCE~THROUGH EQUILIBRIUM CQUSTS
{Canadian Dollara)

agaln -

Natural Reprocessed
Uranium LWR Urarmiur
Fuel Burnup (1)
(MWd/ kgli) 7.0 . 13.0
$/kgl | as/kWh | $/kgl | mS/kiWh
Uraoiue 93.75 2.07] 153.75f 1.83
(2) (4} (N (4)
‘Pabrication 60.0 1.29 80.0 0.93 -
(5 (5)
Spent Fuel Mgt - TGS - 0.5
L6 | 6
TOTAL 3.86 1.26
NOTES:

{1) Based on Composition given In Table 1 and
assumed buroup of 7.0 Hwd/kgU for nacural wanium
fuelling:

(2) Equivalent to $US 75/kgl (Table 3).
(3) Equivaelent to $US 123/kgl (Table 3_).

(4) Caleulated assuming 1.5 years lesd time; 5T
interest ratce.

(5) Calculated susuming 1.0 years lead time; 5%
{uterant tate.

(6) Apsysed value for borh cases, the impact of
highar burnup i assumed compangated by the
lowsr meount of fusl hamiled. -

»
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has established that fuelling with reprocessed PWR
uranium may also result in significant savings.

Equilibrium fuelling costs have been calculated
for two once-through ¢ycles, one with natural uranium
fuel and che cother usinmg reprocessed PWR U aa fuel.
The results are shown in Table & above.

It can be seen that using reprocessed uraplum
tveduces the fuelling cost by approxisately’ 0.6
w$/kwh. This was caiculated assuming this uranium was
bought at (ts zmaximum value, 1i.e., ne reduction for
the re-enrichment, fabrication or gpent fuel penal=-
tieg dfscussed (n the previous section. Obviocusly,
owner utiliclea may be prepared to sell this material
at lover prices to avold the problems assoclated with
racycle Iinto LWR's. This advancage in fuelling cosec
wi{ll A1increase- if the price of natural uranium
incresses or the cost of enrichment SWU falls. One
assunption hae been that the fabrication cost of the
CANDU fusl using reprocesded wranium is only $20/kaU
highet than that for onetural uraniuw fuel, l.e., a
similar Increase to cthat expected for “elean”
enviched uranium (Reference ll). Preliminary iloves-
ciparions indfcara that “open—shop” fabrication of
this type of fuel should be poasible and that oo
additionai contaiment should ba required. Howaver,
cthis aspect requires further work for verification.

In sumsary, use of reprocessed wranium ic CANDU
should laad to fuslliog costs signiffcancly Lower
then thosa for uwatural waciym fuelling, even uhen
the uraunium is purchased at its maximum wvelue. It
seens. possible, in the future, that this uravium oay
be available at prices significantly lower than thims
eaxigun vaiuve and this could wake this fuslling
systenm aven more attractive to a CANDU ownar.

SUMMARY

Reprocessed LUR wranium contains two 1lsotopes

(0-232, U=236) not pressnt in ocacurel fusl. Buildup

of thess {sotopes will limit the mumber of potencial
recycles (o LWks to only one: reduce the valus of the

, utwaius; and present difficulties to tha escabliah-

ment of large~scala recycliog in LWRe. Use of thie
aarerial in CANDU in a once=through cycle, Mwaver,
will mesulet in depletion of tha U=235 coutent to
below surichment plant teils enrichseoe and the
uranive cao than be discarded with or without
plutonium separation.

The eawrgy yield in CANDU is spproxisacely 30X
greatay) the economics are attractive; and fwml
cyclea costs could be eignificanely lower than natural
uranive foslling. Thesa potentisl sdvantages to
using this material in CANDU as opposad to recycle in
LWRe and the possibility of a symbiocic LWR=CANDU
syste would sppear to warit further consideratica.
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