| 6 Fuel Burnup

|
l/‘/@ —f ;&(‘e i The long-term changes in the properties of a nuclear reactor over its lifetime are
_S Llgl | determined by the changes in composition due to fuel burnup and the manner in

which these are compensated. The economics of nuclear power is strongly affected

[ by the efficiency of fuel utilization to praduce power, which in tm is affected by i
these long-term changes associated with fuel burnup. In this chapter we describe
“e£/ o ‘ﬂgfbj the changes in fuel composition that take place in an operating reactor and their i
v

eflects on the reactor, the cffects of the samarium and xenon fission products with
large thermal neutron cross sections, the conversion of fertile material to fissionable '

% w- # Sbﬂj 2 OO\ material by neutron transmutation, the effects of using plutonium from spent fuel
‘ / and from weapons surplus as fue! the production of radivactive waste, the extrac- !

tion of the residual energy from spent fuel, and the destruction of long-lived

actinides.
L]
6.1 CHANGES IN FUEL COMPOSITION ‘
! The initial composition of a fuel element will depend on the source of the fuel. For
| reactors operating on the wranium cycle, fuel developed directly from natural ¥
| uranium will contain a mixture of U, 2°U. and MU, with the fissile 2U content ;
| varying from 0.72% (for natural uraniuni) to more than 90%, depending on the
cnrichment. Recyeled fuel from reprocessing plants will also contain the various s
| isotopes produced in the transmutation- decay process ol uranium. Reactors opera- ]
ting on the thorium cycle will contain **2Th and Huor "“U, and 1f the Tuel is from
a reprocessing plant, isotopes produced in the transmutation decay process of i
| thorium.
| During the operation of a nuclear reactor a number of changes oceur in the .
| composition of the fuel. The various fuel nuclei are transmuted by neutron caplure
and subsequent decay. For o uranium-fueled reactor, this process produces a variety !
of transuranic elements in the actinide series of the periodic table. For a thorium-
fueled reactor, a number of uranium i otopes are produced. The fission event t
destroys a fissile nucleus, of course, and in the process produces two intermediate "
mass fission products. The fission products tend to be neutron-rich and subsequently
| decay by beta or neutron emission ( usually accompanied by gamma emission) and i
undergo neutron caplure to be transmuted into a heavier isotope, which itsell £
undergoes radioactive decay and neutron transmutation, and so on. The fissile
nuclei also undereo neutron tranemitatian via rdiaios s e oL
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Fue! Transmutation-Decay Chains

present 0.72% in natural uranium, is the only naturally occurring
by thermal neutrons. However, three other fissile (fission-
opes of major interest a8 nuclear reactor fuel are
at can be con-

Uranium-235,
isotope that is fissionable
able by thermal neutrons) isot
produced as the result of transmutation—decay chains. Isotopes th
verted 10 fissile isotopes by neutron transmutation and decay are known as feriile
isatopes. 239py and **'Pu are products of the transmutation—decay chain beginning
' U is a product of the transmutation—decay
B2P, These two transmutation—decay
rows represent-

with the fertile isotope *"U, and :
chain beginning with the fertile isotope
chains are shown in Fig. 6.1. Isotopes are in rows with horizontal ar
with the value of the cross section (in barns)

ing (n.7) transmutation reactions,
ay, with the half-lives shown. Thermal

shown. Downward arrows indicate f-dec

neutron fission is represented by a dashed diagonal arrow, and the thermal cross
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Cross Section and Decay Data for Fuel Isotopes
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TABLE 6.1 Cross Section and Decay Data for Fuel Isotopes

Abundance Decay Energy  Spontaneous Fis- o of RI, Rl ok of
Isotope (%) Iy Mode (MeV) sion Yield (%)  (barns) (barns) (barns)  (barns) (barns)  (barns)
B27h 100 1.41 x 10'% o 4.1 <1x107? 7 — 84 — 0.09 0.08
2 Th oo 22.3m B 1.2 — 1285 13 643 11 0.09 0.11
2¥Th — 24.1d B 0.27 == 2 = 94 = 0.11 0.04
233py — 27.0d B 0.57 s 35 == 864 e 0.28 0.33
24Py - 6.7h B 22 - — —- - — - —
B2y — 68.9y o 54 — 64 66 173 364 0.03 2.01
L2516 == 1.59 ¢ 107y o 49 <6x107? 4] 469 138 774 0.07 1.95
o 1 0.0057 246 x10° y o 49 1.7 x 1077 88 6 631 7 0.22 1.22
Py 0.719 7.04 % 10%y o 4.7 7.0x 107° 87 507 133 278 0.09 1.24
i — 234 % 10%y o 46 9.6x107* 5 54 346 8 0.11 0.59
e 5] — 6.75d B 0.52 — 392 I 1084 49 0.93 0.74
ey 99.27 447 x 10%y o 43 5% 1073 2 10 278 2 0.07 0.31
2907 s 23.5m B 13 — — — — - - ,
24003 = 14.1h B 0.39 oz = = = — — —
235Np — 1.54 x 10°y ec” 0.94 — 621 2453 259 1032 0.19 1.92
s 0.49 — - i = e o ==
BINp — 2.14 % 10%y o 5.0 <2x 1071 144 20 661 7 0.17 1.33
Z¥Np — 2.12d p 1.3 — 399 1835 201 940 0.11 1.42
(Continued)

L61




TABLE 6.1 (Continued)

Abundance Decay Energy  Spontaneous Fis- ol o RI, Riy S of
Isotope (%) 2 Mode (MeV) sion Yield (%)  (barns) (barns)  (barns) (barns) (barns)  (barns)
Np - 2364 i 0.72 — 33 - 445 = 0.19 1.46
340;\' — — = Py — _ S~ e e N St
Zopy — 286y o 5.9 1.4 x 1077 126 146 401 59 0.15 208
2py — 45 cc 0.22 == — — " s e i
Py — 87.7y o 56 1.9 % 1077 458 15 154 33 0.10 1.99
29py 5 241 x 10*y % 5.2 3x1071° 274 698 182 303 0.05 1.80
240py = 6.56 x 107y x 53 5oy 1078 264 53 8103 9 0.10 1.36
24py = 144y B 0.02 2% 326 938 180 576 0.12 1.65
242py = 3.73x 10°y o 5.0 >55x%107* 17 — 1130 e 0.09 1.13
2iAm o= Ry o 56 4% 107'° 532 31305 14 0.23 1.38
Source: Brookhaven National Laboratory Nuclear Data Center, hrp:/ [Swww.dne.bnl.gov/CoN/index.html.
“87.3% electron capture, 12.5% B.
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2|9 181888825
g | + e ST section is shown. (Fast fission also occurs but is relatively less important in thermal
E=] . .
= reactors.) Natural abundances, decay half-lifes, modes of decay, decay energies,
= o cnmeagg spontaneons fission yiclds, thermal capture and Ii.‘;silun cross sections averaged over
vE|lS | S5 38ae 2 Muxwellian distribution with k7= 0.0253 ¢V (c"), infinite-dilution capture and
< fission resonance integrals (Rls), and capture and fission cross sections averaged
aver the fission spectrum (%) are given in Tuble 6.1.
E o O D =t
& 3 B T 4 g0 g s ¥ #
= Fuel Depletion-"Transmutation-Decay Equations
_ Concentrations of the various fuel isotopes in a reactor are described by a coupled
o5 "*é el e § set of production—destruction equations. We adopt the two-digit superscript con-
& - i T vention for identifying isotopes in which the first digit is the last digit in the atonic
. number and the second digit is the last digit in the atomic mass. We represent the
= . : : : :
g [ % aE 1o neutron reaction rate by o!™ga™™, although the actual culculation may involve a
] = .
£ sum over energy groups of such terms.
For reactors operating on the uraniwm cycle, the isotopic concentrations are
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i v 1% w ) Another short-time-scale elimination approximation that neutron capture in “H'py
P A leads directly to **'U has been made.
a1 .4 5 LT
= A (S ol p)n!
81 - - 235 - -
a2 Example 6.1: Depletion of a Pure *U-Fueled Reactor. As an example of the
= n;!ﬁ.-mﬁl ,TS-(I__JJH-‘E nature of the solution of the equations above, consider the hypothetical case of
ot B ; 234 : . ;
L a reactor initially fueled with pure U which operates for | year with o con-
o LI LS. P R .R!::ﬂl m.uimn flux of 10" n/cm™s. The solution of the second of Fgs. (6.1) s
{ o e 25, 4 25 a : x :
i O =n"(0) expl-olidhs), where at the end of | year, o2 = (594 x

10 2 em?)(1 x [f}"'/c:n?-s){.",lﬁ x 107 8)=187 and a0 = 0154 W) The
With respect to Fig. 6.1, a few approximations have been made in writing Egs. (6.1). nunmber of atoms ‘ﬁf" have fissioned in lhi* Eoyear is (n(l)— n(0) % [a
The neutron capture in “*U to produce **°U followed by the decay (f1j2=14h) (0 1+ o )] = [0.846n"(0) (507 /594) = 0.7222°%(0). "Each fission event relcases
into “Np and the subsequent decay (¢, = Tmin) into 2°Pu is treated as the direct . :
production of *Pu by neutron eapture in U, and the production of Np by release is IE_JI.TZE._-‘::”[{]}I:H-\'imtxi * (1929 MeV ffission) x (16 < 10 " MJ/MeV )
newtron capture in °'Np followed by the subsequent decay (1, =7 min) of “"Np 223 10 7 x a2 (0) MJ. IF the initial core Touding is 100kg of “*U, s corre-
into *Pu s treated as the direct production of **pu by neutron_capture in > "Np. sponds to (223 x 107 '7) x (10°/235) x (6.02 x 10°%) = 0,95 x 10° M) — L1x
These approximations have the beneficial effect for numerical solution techniques
of removing short time scales from the set of equations, without sacrificing infor-
mation of interest on the longer time seale of fuel burnup.

For reactors operating on the thorium cycle, the isotopic concenlrations are

1929 MeV of recoveruble energy, so the total recoverable fission energy

10* MW of recoverable fission energy.

Neglevting')lhc production of U by electron capture decay ol q'"‘Np_ the
suilgiliun I;ur n"':’(r} can he used to solve the third of Egs. (6.1) to obtain 27%10) =
[ (10)) rr;ﬁf{c';r'f — &%) [lexpi a0 exp(—a2 g, This expression for i ()
can be used in the fourth of Egs. (6.1) to obtain 2 similar, but more complicated

2seribe
described by ity oA e LS 4]
soiuton tor n” (1), since we have assiwmed that 2% = 0; and 50 on.
2 A e
o - 02 2 Fission Products
i #
I W & i Ihe lission event usually produces two intermediate mass nucled, in addition 1o
34 U2 fAl3 oy 0 T P 2 Sk
= P n (A" + a®hin releasing two or three neutrons. Interestingly, the fission product masses are not
Snld usually equal to about half the mass of the fissioning species, but are distributed in
= =\ _ [)\I-‘ i ”.I.]'»"‘)”h mass with peaks at athnut_!_gfl_;lml l40amu, as shown in Fig. 6.2. The IS0topes
! praduced by fission tend 10 be neutron rich and undergo radivactive decay. They
onss 9y ~ aks o Sl s ~ = T L = 7 ¥ "
(a7 oﬁ"'r,*f_l 22 also uﬂdqgfr nuuwn capture, with cross sections ranging from a fow tenths of 4
m:‘ barn to millions of barns. The general production- destruction equation satis fied hy
= A5y i 1 i . a fission product species | is
ke (T'E"tp 2t A= a;‘r,-': nt (6.2) P peciesy &
E !
it T P T dn; 25 Hg : |
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PERCENT FISSION YIELD

80 100 120 140 160 180
MASS NUMBER A
Fig. 6.2 Fission yields for *U and *'Pu. (From Ref. 15.)

decay) and o' is the transmutation cross section for the production of isotope j by
neutron capture in isotope j. Even though the fission products undergo transmuta-
tion and decay, the total inventory of direct fission products plus their progeny

increases in time as

o Mg -3 (6.4)

dt dl‘

Solution of the Depletion Equations

The equations above can be integrated to determine composition changes over the
lifetime of the reactor core loading if the time dependence of the flux is known,
However, the flux distribution depends on the composition. In practice, a neutron
flux distribution is calculated for the beginning-of-cycle composition and critical
control rod position or seluble boron concentration (PWR), and this flux distribu-
tion is used to integrate the composition equations above over a depletion-time step,
Aty Then the new critical control rod position or soluble boron concentration is
determined (by trial and error) and the flux distribution is recaleulated Tor use in
mt(‘"rmng the pmduumn dulruumn cqu.mum over the n“xi depletion time step,

e . FRE T i W—"

o\mi s ©Ou \,,\J,_.Lg e ‘fl_yu_ 1%
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on how fast the composition is changing and the effect of that composition change
on the neutron flux distribution and on the accuracy of the numerical integration
scheme. Excluding, for the moment, the relatively short time scale phenomena
associated with the xenon and samarium fission products, the time scale of sig-
nificant composition and flux changes is typically several hundred hours or more.

The typical process of advancing the depletion solution from time 1, at which
the composition is known, to time | is: (1) determine the multigroup constants
appropriate for the composition at 1, (2) determine the critical control rod positions
or soluble poison concentration by solving the multigroup diffusion equations for
the flux at ¢, (adjusting the control rod positions or boron concentration until the
reactor is critical), and (3) integrate the various fuel and fission product production—
destruction equations from 4, ta 1, | . (The neutron Aux solution could be made with
a multigroup transport caleulation or with multigroup or continuous-cnergy Monte
Carlo calculation, and the preparation of cross sections could involve infinite media
spectra and unit cell homogenization caleulations or could be based on fitted,
precomputed constants.} The integration ol the production—destruction equations
can be for a large number of points, using the neutron flux at each point; for cach
fuel pin, using the average flux in the fuel pin; for each fuel assembly, using the
average flux over the fuel assembly; and so on.

Assuming that the flux is constant in the interval #; < 1< ¢, y, the production-
destruction equations can be written in matrix notation as

O _ AGINO +POED,  w<i<n (6.3)

The general solution to these equations is of the form

N(1i1) = explA()AN(L) + A7 (1) explA () Ad] — 1)F(1) (6.6)

In general, the accuracy of the solution depends on Ay, being chosen so that
(W' + ol ap ) Aty <2 1 for all of the isotopes involved. For this reason, it is eco-
nomical to reformulate the physical production—destruction equations to elimi-
nate short-time-scale phenomena that do not aect the overall result, as discussed
previously, There exist a number of computer codes that solve the production -
destruction equations for input neutron fluxes (e.g., Ref. 7).

Measure of Fuel Burnup

The most commonly used measure of fuel burnup is the fission energy release per
unit mass of fuel. The fission energy release in megawatt-days divided by the total
mass (in units of 1000kg or 1 tonne) of fuel nuclei (fissile plus fertile) in the initial
loading is referred to as megawatt-days per tonne (MWA/T ). An equivalent unit is
MWd/kg—107 MWd/T. For example, a reactor with 100,000 kg of fuel operating
al W MW nower level for NN dave wenild have o hoenoan F 300000 KAWL AT

{ Coc L\_;_.I : "-1:\:\_._ W @L}\Muw‘- U‘C‘—v{._/‘-'\"‘—- ‘nb

A i cL )u.-th-.»
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For LWRs the typical fuel burnup is 30,000 o 50,000 MWd/T. Fuel burnup in fast
reactors is projected up to be about 100,000 to 150,000 MWd/T.

Fuel Composition Changes with Burnup

The original fissionable isotope {e.g., 22U naturaily decreases as the reactor oper
ates. However, the neutron transmutation of the fertile isotope (e.g.. 2'“’U) produces
the fissionable isotope ~*"Pu, which in turn is transmuted by neutron caplure into
Py and higher actinide isotopes. The buildup of the various Pu isotopes as a
function of fuel burnup for a typical LWR is shown in Fig. 6.3.

Compositions of spent fuel discharged [rom representative LWR and IMFBR
designs are given in Table 6.2. The units are densities (cgs units) times 1077
which allows construction of macroscopic cross section upon multiplication hy
the microscopic cross section in barns. The composition for the average enrichment
and bumup of PWR spent fuel is shown in the first column for fuel discharged
before 1995 and in the sceond column for fuel discharged after 1995,

Mass [g/kg HM initial]

2
10 r =

10"

//i | —- Tipy |2
77
7 A
H ’/ / /
L/ o |
107 ‘ / / .
0 0 20 30 40 50 60

Burnup [MWdikg HM]

Fig. 6.3 Buildup of Pu isotopes in 4wt % enriched U0, in an LWR. (From Ref. 13 used
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TABLE 6.2 Heavy Metal C (unp(mtum of .‘;penl U(); Fuel at Discharge”

Reactor Type LWR LWR LMFBR IMIFBR
Initial enrichment (wi %) 313 4.11 20 20
Power (MW,/MTU) 21.90 27.99 5476 54,76
Burnup {{_F\\f'd;'T} 32 46 1K) 150
Actinides (1% 107 em %)

iy 3092x 100 % 451x10 " 33710 " 288 % 1D °
2By 192107 Lm2x10* 247=10°"° 137 = 10°*
g 873x107% 123x 10 % 458x10" §62x 1077
o i i 248x 107 571x1077 TR = 1077
2y 2021077 208x 0% 163x 1072 153 %102
HiNp LOIx107°  ledxi0 ™ SIlx10? 101 =10
HiNp 125 10°%  1.55%10°% 293x10°° R TI
BEpy I36x10° 656x10° 384x107° 120 =< 10°°
py 123x 107 123x 107" Lodx10? 1365 10
py 405%10 % 428x107° 783 %1077 L7100
Mpy 344 x10° 407x10° 260x10° BAT= 10"
HIpy LS <1077 169 x 10 ° ¢ 470 =107
HAM 14510 % 162= 10" 150x10 7 087 <10 '
AM 212% 107" 446% 107" o i
HIeM ITLx1077 Se6x 107 £ &
HMem 4811077 139x 10 ¢ b »

"Calculated with ORIGEN (Ref. 7).
¥ < 0.001%.

Reactivity Effects of Fuel Composition Changes

There are a variety of reactivity effects u\‘qnciulcd wilh the t'h{ll’li_,{‘ in fuel -.-umm si-

of fuel nucled is reduced and fission prmh els .|rn created, many n! whuh h-l\'u large
neutron capture cross sections. The transmutation—decay chain of fertle fuel nucle
of a piven species produces a sequence of actinides (uranium-fueled reactor) or
uranium isotopes (thorium-fueled reactor), some of which are fissile. The transmu-
tation of one fertile isotope into another ponfissile isotope can have a positive or
negative reactivity effect, depending on the cross sections for the isotopes involved,
but the transmutation of a fertile isotope into a fissile isotope has a positive re
activity effect. Depending on the initial ennichment, the transmutation decay pro-
cess generally produces more fissile nuclei than are destroyed early in the cycle,
causing a positive reactivity effect, until the concentration of transmuted fissile
nuelei comes into u|ui!ibrium
The buildup of ~ “Pu early in life of a uranium-fueled reactor produces u large

pm ive | ‘nvn)_t.nwl which may be greater than the negative nnulmlv dlml ol

23:
U depletion and fission product buildup. For thermal reactors, 1] L 50 iln,
liiiTelinem nf 23900 i & il e e s i B Vit i S

LV\‘{ ‘i“r ‘TZ) 1349 PW l""‘"‘"")lA -L’)"— Ck-“t"& %'L

kﬂuinﬂi} JE L-))LL AL L}"Li-""““" L\;( o=

PD.‘JI‘\\M_.- é:‘-‘c—k'.u.;-hj
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effect. For fast reactors, 1™ > n™ for neutron energies in cxcess of about 10keV,
and there can be an initial positive reactivity t.I'I'l,(.l‘ even il the decrease in U is
greater than the buildup of Py, However, the = ]'-'u ::.Um_l‘__ntnltmn will saturate at
a value determined by the balunce between the 27U transmutation rate and the
23%py depletion rate, at which point the continued depletion of 54U and buildup of
fission products produce a negative reactivity effect that acerues over the lifetime of
the fuel in the reactor.

Compensating for Fuel-Depletion Reactivity Effects

The reactivity effects of fuel depletion must be compensated to maintain criticality
over the fuel burnup cycle. The major compensating elements are the control rods,
which can be inserted to compensate positive depletion reactivity effects and with-
drawn te compensate negative depletion reactivity effects. Adjustment of the con-
centration of 4 neutron absorber (e.g., boron in the form of boric acid) in the water
coolant is another means used to compensate for fuel-depletion reactivity effects.
Soluble poisons are used to compensate fuel-depletion reactivity in PWRs but not in
BWRs, because of the possibility that they will plate out on boiling surfaces. Since
a soluble poison introduces @ positive coolant temperature reactivity coefficient
because an increase in temperature decreases the density of the soluble neutron
absorber, the maximum concentration (hence the amount of [uel depletion reactiv-
ity that can be compensated) is limited.

Burnable poisons (e.g., boron, erbium, or gadelinium elements located in the
fuel lattice), which themselves deplete over time, can be used to compensate the
negative reactivity effects of fuel depletion. The concentration of burnable poison
can be described by

dn?
dar a0 .Jﬁq\”hpglspﬁr’ (6.7)

where fi,, is the self-shiclding of the poison element (i.c., the ratio of the neutron
lux in the poison element to the neutron flux in the adjacent fuel assembly). The
poison concentration is chosen so that the spatial self-shiclding of the poison
elements is large enough (f,, <0 1) early in the burnup cycle to shield the poison
from neutron capture, and the neutron capture rate remains constant in time. After a
certain time the concentration of the poison nuclei ﬁul'ﬁcicnli\' reduced that fi,
increases and the poison burns out, resulting in an increasirg reactivity. If the
poison starts to burn out at about the same time that the overall fuel d:,p]nmn
reactivity effect starts to become progressively more negative (i.e., when the #9py
concentration saturates), the hurnout of the poison will at least partially compensate

the fuel-depletion reactivity decrease.

Reactivity Penalty
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1 2y transmutes

While *Pu and **'Pu are fissionable in a thermal reactor, anc
into 2Py, *PPu tansmutes into "H'Po with a rather small cross section, and 2 Pu
has a rather small fission cross sulmn so that *YPu is effectively a parasitic
absorber that builds up in time. The 2 A!n _also ac act |11uJ.J'I-|;.—:|;1(I acts |1|111|.1r|!)"
as a parasitic absorber, Whereas the “¥Am, wh produced by the decay ol
3py can be separated readily, it is difficult to scparate the different plutonium
22py reactivity effect is exacerbated if the
oy pro-

isotopes from each other, so the negative
plutonium is recycled with uraninm. A similar problem arises with the
duced by radiative capture in 2""[J, as shown in Fig. 6.4, which is difficult to
separate from ~7U, and with *"Np, which is produced by transmutation of 2367y
into *"U followed by beta decay. The **'Np can be separated readily, however, and
does not need o accumulate in recycled fuel.

End-of-cycle reactivity penalties calculated for the recyele of BWR fuel are
shown in Tuble 6.3 after one, two, and three cycles. It was assumed that the
*Np and *Am were removed between cycles, bul there was a cycle-to-cyele
increase in the “'Np and **'Am reactivity penalties due to the accumulation o
0 and *PPu, respectively.

Effects of Fuel Depletion on the Power Distribution

Fuel depletion and the compensating control actions affect the reactor power dis-
tribution over the lifetime of the fuel in the core. Depletion of fuel will be greatest
where the power is greatest. The initial positive reactivity effect of depletion will
then enhance the power peaking. At later times, the negative reactivity effects will
cause the power to shift away to regions with higher k00, Any strong tendency of
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TABLE 6.3 HReactivity Penaliics with Recycled BWR
Fuel (% AkiK)

Fnd of Cycle: ey *Np Mpy Mam
1 0.62 0.13 .63 036
2 (.90 0.59 .53 0.57
3 1.12 073 2.4 (.89

Sowrce: Datay from Rel, 16,

the power distribution to peak as a result of fuel depletion must be compensated by
control rod movement, However, the control rod mevement to offset fuel depletion
reactivity effects itsell produces power peaking; the presence of the rods shields the
nearby fuel from depletion and when the reds are withdrawn, the higher local &,
causes power peaking. Similarly, burnable poisons shield the nearby luel, produc-
ing local regions of higher k., and power peaking when they burm out. Determina-
tion of the proper fuel concentration zoning and distribution of bumable poisons
and of the proper control rod motion to compensate fuel depletion reactivity effects
without unduly large power peaking is a major nuclear analysis task.

In-Core Fuel Management

At any given time, the fuel in a reactor core will consist of several batches that have
been in the core for different lengths of time. The choice of the number of batches
is made on the basis of a trade-ofl between maximizing fuel burnup and minimizing
the number of shutdowns for refueling, which reduces the plant capacity Factor. At
1 the highest burnup is discharged, the batches

each refueling, the batch ol Tuel wi
with lower burnup may be moved to different locations, and a fresh or partially
depleted batch is added to replace the discharged batch. The analysis leading o
determination of the distribution of the fuel batches within the core to meet the
salety, power distribution and bumnup, or cycle length constraints for fuel burn cycle
is known as fieel management analysis. Although fuel management may be planned
in advance, it must be updated online to adjust to higher or lower capacity Factors
than planned (which result in lower or higher reactivity than planned at the planned
refucling time) and unforeseen outages (which result in higher reactivity than
planned at the planned refueling time).

Typically, a PWR will have three fuel batches, and a BWR will have four fuel
hatches in the core at any given time and will refuel every 12 to 18 months. A
number of different loading patterns have been considered, with the general con-
clusion that more energy is extracted from the fuel when the power distribution in
the core is as flat as possible. In the in—out loading pattern, the reactor is divided
inte concentric annular regions loaded with different fuel batches. The fresh [uel
batch is placed at the periphery, the highest burnup batch is placed at the center, and
intermediate burnup batches are placed in between to counter the natural tendency
of power to peak in the center of the core. At refueline. the central balch ix
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discharged, the other batches are shifted inward, and a fresh batch is loaded on the
periphery. The in—out loading pattern has been found to go too far in the sense that
the power distribution is depressed in the center and peaked at the periphery. An
additional difficulty is the production ol a large number of fast neutrons at the
periphery that leak from the core and damage the pressure vessel.

In the scatter loading pattern the reactor core is divided into many small regions
of four to six assemblies from different batches. At refucling, the assemblics within
cach region with the highest burnup are dischargzed and replaced by fresh Tuel
assemblies. This oading pattern has been found to produce a more uniform power
distribution and to result in less fast neutron leakage than the in-out patiern.

Since the pressure vessel damage by fast neutrons became recognized as a
significant problem, a number of different loading patterns have been developed
with the specific objective of minimizing neutron damage 1o the pressure vessel.
These include placement of only partially depleted assemblies at the core periphery,
placement of highly depleted assemblics near welds and other critical locations,
using burnable poisons in peripheral assemblics, replacing peripheral fuel assem-
blies with duminy assemblies, and others.

Better wtilization of resources argues for the highest possible fuel burnup con-
sistent with materials damage limitations, and a new higher enrichment fuel has
been developed that can achieve burnups of up to 50,000 MWA/T in EWRs. The
higher fuel burnup produces more actinides and fission products with large thermal
neutron cross sections, which compete more effectively with control rods for ther-
mal neutrons and reduces control rod worth, and which produces larger coolant
temperature reactivity coefficients. The higher-enrichment higher-burnup fuel also
provides the possibility of longer refueling cyeles, which improves plant capacity
factor and reduces power costs.

6.2 SAMARIUM AND XENON

o . s A 1t
The short-term lime dependence of two fission preduct progeny, M8m and " Xe,
which have very large absorption cross sections, introduces some interesting reac-
tivity transients when the reactor power level is changed.

Samarium Poisoning

Samarium-149 is produced by the beta decay of the fission product NG, as
described in Fig. 6.5. It has a thermal neatron absorplion cross section of” 4 x 1!
barns and a large epithermal absorption resonance. The 1.7-h hall-life of ING s
sufficiently short that "9pm can be assumed to be formed directly from fission in
writing the production—destruction equations for Sme

3
% = MY — ATP
i
&S . (6.8)
—h =N (T;lr;'J.s
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where P and S refer to *'Pm and ""Sm, respectively. These equations have the
solution, for constant ¢,

'N‘!E;ED_ Ry _APe
Wﬂ=?;h'” e ) + P(0)e ™
S(r) = S{0)e ™ 4 &mu—p»w (6.9)

a

MY — ATP(0) (e _ ¥y
e e
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At the beginning of life in a fresh core, P(O) = 5(0) =0, and the promethium and
samarium concentrations build up to equilibrium values:

| R T_Nli_)"ib s e T_N‘I_B"_ (6.10)
e = Ty Sy P N

The equilibrium value of "Pm depends on the neutron flux level. However, the
equilibrium value of "*'Sm is determined by a balance between the fission produc-
tion rate of ""Pm and the neutron transmutation rate of "*Sm, buth of which are
proportional to the neutron flux, and consequently. does not depend on the neutron
flux level. The time required for the achievement of equilibrium concentrations
depends on 0': and A" For typical thermal reactor flux levels (e.g.,
5% 10" nfem®s), equilibrium levels are achieved in a few hundred hours,

When a reactor is shut down after running sufficiently long to build up equili-
brium concentrations, the solutions of Egs. (6.9) with P(0) Pegs S = 8, and
§r=10 are

Al

Plt)
8(0) =Sy + Pl =) S50 P,

>
FPoye

(6.11)

inddicating that the 9Sm concentration will increase to Seq + Pey as the "py,

decays into "“Sm with time constant /3" =78 h. If the reactor is restarted, the

"*"Sm burns out until the "*'Pm builds up; then the "*Sm returns to its equilibrium

value, This time dependence of the samarium concentration is illustrated i Fig, 6.5.
The perturbation theory estimate for the reactivity worth of "™Sm is

w _ Stoy

Fsm = 7, 6.12)
which for the equilibrium concentration becomes
Ny 8 - ™
o o Y, _TN‘I_\.—‘.’ i (6.13)
S ay N a v o

where we have used the approximation that k= vE/Y, — 1. For a "7U-lueled
reactor, p;'“ =~ ().0045.

Xenon Poisoning

Xenon-135 has a thermal absorption cross section of 2.6 x 10" barns. It is produced
directly from fission, with vield ™, and from the decay of "**I, which in turn is
produced by the decay of the direct fission product '**Te, with yield 1'%,
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assumption that "**1 is produced dircetly from fission with yield ",

A Pl

D;"(’:) (6.14)
. :

Sl AR+ A — (A + ol )X

These equations have the solutions

Tey
=% e Al ]
10 —-XI——-(E — & M) D)
(47 4 ), Aot -
o e R (6.15)
AN — AI(0)
M= Apakd

R B () B

When the reactor is started up from a clean condition in which X((y — KD)y=10,
or the reactor power level is changed, the P51 and MXe concentrations approach
equilibrium values:
fer".".],-q'J_ (f)-'!" + ‘r'\“})];'fi

! X,_-q ) A}_TT:\I;!, r (6.16)

b SV

with time constants 1/3"= 0.1 h and 1/(A¥ -+ afq) & 30N, respectively. The per-

turbation theory estimate of the reactivity worth of equilibrium xenon is

L et 2 ¢ S bt e 0.026

. -
Xe ~
: (A oX¢

C T A Yy 1+ (0.756 x 101)/db (6:17)

Peak Xenon

When a reactor is shut down from an equilibrium xenon condition, the iodine and
xenon populations satisty Egs. (0.15) with /(0) =/, X(0) = KXo aned = O

1(1) = Lye A
- A . (6.18)
X(1) = Xege A i = (e Mo, 0

= (yxf‘,'""'}(lecf}, the xenon will build up after shutdown to a peak value at
time

I MA¥

oy = ———=1 S el S ———— 6.19
LR “i n (,\xl[,r'\J)(’\rrr,\x N I.)(qu.r'lf.-q) (6.19)
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and then decay to zero unless the reactor is restarted. For > U- and 2U-fueled
reactors ¢ =>4 x 10" and 3 < 107 n/em’s, respectively, is sufficient for an in-
crease in the xenon concentration following shutdown. Typical flux values (e.g.,
8 If}”nfcmz-s) in thermal reactors are well above these threshold levels, and for
typical Aux values, Eq. (6.19) yields a peak xenon time of = 11.6h. If the reactor is
restarted before the xenon has entirely decaved. the xenon concentration will ini-
tially decrease because of the burnout of xenon and then gradually build up again
because of the decay ol a growing iodine concentration, retuming to values of Iy
and X4 for the new power level. This time dependence of the xenon concentration
15 illustrated in Fig. 6.6.

Effect of Power-Level Changes

When the power level changes in a reactor (e.g., in load following) the xenon
concentration will change. Consider a reactor operating at equilibrium iodine
Log(ho) and xenon X, (ha) at flux level ¢ At 1=1¢, the flux changes from ¢y to
¢y. Equations (6.16) can be wrilten

Foy , (.-'I-’ (u'l? _xFp
1) = f,_.ql‘r,-"u](] -t ‘)

L
o X
™ iy { A it Nopaltep e

X@ =wateifs 2T+
O N P

e X X
__./\ f .I'TE.."IIJI_ ..l(a Nt p"["‘x-i f":.'-"l.l-l
- .x" AY = M f-'xt_th ] ) ;

a

(6.20)

The xenon concentration during a transient of this type is shown in Fig. 6.7.
The perturbation theory estimate for the reactivity worth of xenon at any time
during the transient discussed above is

3 a X1 ¥ X(t)
.I"X-_-_(IJ - — _ﬂ"\." _) e 8l (

X vy

(6.21)

Example 6.2: Xenon Reactivity Worth. As an example of xenon buildup, consider
a PU-fueled reactor that has operated at a thermal flux level of 5 x 107 em 257!
for twe months such that equilibrium xenon and iodine have built in to the levels
given by Egs. (6.16). Using ¥ = 2.6 « 10" %em?, Hlfz = 6.6h, rf{,z =9.1h, A=
In2/1 2, vy = 0.061, and yx, = 0.003, the equilibrium values of xenon and iodine
are X™=0.0203 x 10" Z,em  and F9=0.1051 x 10" £, em . The reactivity
worth of equilibrium xenon is pil = o¥ X9 /3, = 0.022 Ak /k, where the approxi-
mate criticality condition vE, = X, has been used.

If the reactor is shut down for 6 h and then restarted, the xenon reactivity worth
that must be compensated is, from Egs. (6.16) and (6.21), px(t=06h) =~ o}
X(t=6h)/vE = (0.634X* 4 03671 x 0¥ VT, = 00171 L0004 — DOSTIAL1E
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Fig. 6.7 Xenon concentration following power-leve! changes. (From Rel. % used with
permission of Wiley.)

The largest contribution to the xenon worth at 6h after shutdown clearly comes
from buildup of xenon from the decay of the jodine concentration at shutdown at a
faster rate than the resulting xenon decays.

6.3 FERTILE-TO-FISSILE CONVERSION AND BREEDING

Availability of Neutrons

The transmutation—decay processes depicted in Fig. 6.1 hold out the potential for
increasing the recaverable enerev content from the world’s uraninm and tharinm
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fast neutrons. The rate of transmutation of fertile-to-fissile isotopes depends on the
number of neutrons in excess of those needed (o maintain the chain fission reaction
that are available, In the absence of neutron absorption by anything other than fuel
andl in the absence of leakage, the number of excess neutrons is 11— L The quantity
n is plotted in Fig. 6.8 {or the principal fissile isotopes.

The fertile-to-fissile conversion characteristics depend on the fuel cycle and the
neutron energy spectrem, For a thermal neutron spectrum (£ < 1eV ), U has the
largest value of 1) of the fissile nuclei. Thus the best possibility for fertile-to-lissile
conversion in a thermal spectrum is with the TR tuel cycle. For a last
peutron spectrum (£ > 5 x 10" eV, “Pu and *"'Pu have the largest values of 1
of the fissile nuclei. The LMFBR, bascd on the “™U~"""Pu fuel eycle, is intended to
take advantage of the increase of 0™ at high neutron energy

Conversion and Breeding Hatios

The instantineous conversion rafio is defined as the ratio of the rate of creation of
new fissile isotopes to the rate of destruction of fissile isotopes. When this ratio 1s
ereater than unity. it is conventional to speak of a breeding ratio, because the
reactor would then be producing more fissile material than it was consuming.
Average conversion or breeding ratios calculated for reference reactor designs off

various lypes are shown in Table 6.4,
The values of the conversion ratios for the PWR and BWR are the same because

of design similarities. The HTGR conversion ratio is somewhat higher hecause of

the higher value of n for 23U than for U, The improved conversion ratio [or the
CANDU- PHWR is due to the better neutron economy provided by online relueling
and conseguent reduced requirements for control poisons 1o compensate excess
reactivity.

The breeding ratio in an LMFBR can vary over a rather wide range, depending
on the neutron energy spectrum. Achieving a large value of 1 and hence a Lirge
breeding ratio favors a hard neutron spectrum. However, a softer spectrum s
favored for safety reasons—the lower-energy neutrons which are subject to reso-
nance absorption become more likely to be radiatively captured than to cause
fission as the neutron energy is reduced, as discussed in Chapter 5.

TABLE 6.4  Conversion/Breeding Ratios in Different Reactor Systems

Conversion Converston
Reactor Syste Initial Fuel Cycle Hatio
BWR 24wt U 2y 2py 0.0
PWR 24wt % U T2y 0.6
PHWR Natural U TEY_Tpy 08
HTGR =Swid% "PU Ph-*My 0
LMFBR 10-20wi % Pu 28y 1016
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6.4 SIMPLE MODEL OF FUEL DEPLETION

The concepts involved in fuel depletion and the compensating control adjustment
can be illustrated by a simple model in which the criticality requirement is written as

5
= f =— U2AQ —1 (622

YR £ XM X0 + 8.0

where E:' is the fuel macroscopic dbﬁc)rp'iun cross section, XY the moderator
macroscopic absorption cross section, and £f the combined (soluble and burnable
poisons plus control rod) control nh\nrplmn cross section. Assuming that the re-
actor operates at constant power vE {: Jlt) = \rZ'“ (0)}¢{0} and that n = vE‘." /zE
is constant in time, the fuel mdcmsmpu alEN)rptm-l cross section at any 1|mc is

; s [ 1
Eity = Ne(t)o! = ot [N;-(ﬂ] —cal | Ne(l)p(d Yt J

| 4 (6.23)
= Np(0)ol [1 - fd((}]r“!'[
The neutron flux is related to the beginning-of-cycle neutron flux by
- 1-5.’“)
{1 e b 1 .24
o) = 1 - cﬁfw{() (624)

where £ <2 1 is a factor that accounts for the production of new fissionable nuclei via
transmutation—decay.

The fission product cross section is the sum of the equilibrium xenon and
samarium cross sections constructed using Eqgs. (6.16) and (6.10), respectively,
and an effective cross section for the other fission products,

B = oy Zp ({1 = oy B (0){0) (6.25)

which accumulate in time from fission with yield Vi~ The quantity vy oy is about
40 to 50 barns per fission. Using these results, Eq. (6.22) can be solved for the value
of the control cross section that is necessary to maintain criticality:

g _ (77 +7)5,(0)6(0)
N JaX 1)
P51 — eak d(0)] — oy Sr(0)$ (O (6.26)

Ee{e) = (n— 15501 - oFep(0)e] —

The soluble poison will be removed by the end of cycle, and the burnable
poisons should be fully depleted by that time. Thus the lifetime, or cycle time,
is the time at which the reactor can no longer be maintained critical with the con-
trol rods withdrawn as fully as allowed bv safetv considerations. This minimum
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control cross section is small, and we set it to zero. The end-ol-cycle time can be
determined from Eq. (6.26) by setting EL = 0 and solving for fpoc:

e (Lie) (47 Doy XY " Afa) e M
[(r= 13T oof —y™af o Ji0) Ble) < 55 B
Ieoc = Te o Xe NI (6.27)

el te) Df._.l_:r___l_._i - br) > 4

|[r; 11 }-n]a‘ N LRt L Tyt Tyt () 7 g o)
where o is the capture-to-fission ratio for the fuel, and
0) -1

il =1 (6.28)

Fer = o)

is the excess reactivity at beginning-of-cycle without xenon, samarium, fission
products, or control cross section. The initial control cross section (including so-
luble and burnable poisons) must be able to produce a negative reactivity greater
than p,,. It is clear from Eq. (6.27) that the cycle lifetime is inversely proportional
to the power, or flux, level. .

6.5 FUEL REPROCESSING AND RECYCLING

A substantial amount of plutoniuin is produced by neatron transmutation of B VR T
LWRs. About 220 kg of fissionable plutonium (mainly Py and *"'Pu) is present
in the spent fuel discharged from an LWR at a burnup of 45 MWd/T. The spent fuel
can be reprocessed to recover the plutonium (and remaining enriched uranium) for
recycling as new fuel.

Composition of Recycled LWR Fuel

The potential energy content of the fissile and fertile isotopes remaining in spent
reactor fuel (Table 6.2) constitutes a substantial fraction of the potential energy
content of the initial fuel loading, providing an incentive to recover the uranium and
plutonium isotopes for reuse as reactor fuel. The recycled plutonium concentrations
calculated for successive core reloads of a PWR are shown in Table 6.5. The initial
core loading and the first reload were slightly enriched UO, The plutonium dis-
charged from the first cycle was recycled in the third cycle, that in the second cycle
in the fourth cycle, and so on, in separate mixed oxide (MOX) UPu0); pins. The
proportion of MOX increases from about 18% in the second reload o just under
30% in the sixth and subsequent reloads, for which reloads the plutonivm recovered
from spent MOX and UQ; fuel is about the same as was loaded into this fuel at
beginning-of-cyele (ie., the plutonium concentration reaches equilibrium). The
percentage of plulnnium in MOX incrca'-;c'i frmn le“ than 5;0 on the ml[ul recycle
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TABLE 6.5 Plutonium Concentrations in a PWR Recyding Only Sell-Generated
Plutonium {wt %)

Loading: 1 2 3 4 5 6 7
Recycele: 1 2 3 4 5
H3 in U0, 2.14 3.0 3.0 3.0 3.0 30 30
Pu in MOX =0 4.72 5.83 6.89 751 8.05
MOX of fuel - — 18,4 234 26.5 278 288
2501 discharged 0.83 — — == — — e
Discharged Pu
py 56.8 568 49.7 4.6 42,1 40.9 40.0
py 23.8 23.8 27.0 38.7 29.4 29.6 29.8
Hpy 14.3 143 16.2 17.2 17.4 174 17.3
Mrpy 51 5.1 7.1 95 111 12.1 12.9

Senrve: Data from Ref. 3 used with permission of Taylor & Francis/Hemisphere Publishing.

Physics Differences of MOX Cores

The use of MOX fuels in PWRs changes the physics characteristics in several ways,
The variation with energy of the cross sections for the plutonium isotopes is more
complex than for the uranium isotopes, as shown in Fig. 6.9. The absorption cross
sections for the plutonium isotopes are about twice those of the uranium isotopes in
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a thermal spectrum and are characterized by large absorption resonances in the
epithermal (0.3 o 1.5¢V) range and by overlapping resonances. Representative
thermal nevtron spectra in UO, and MOX fuel eells are compared in Fig. 6.10.
Thermal parameters for U and “*Pu, averaged over a representative LWR
thermal neutron energy distribution, are given in Table 6.6. Because of the larger
thermal absorption cross section for “Pu, the reactivity worth of control rods
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Fig. 6.18  Thermal neutron spectra in U0, and MOX FWR foel cells. (From Ref. 1; used
with permission of Nuclear Energy Agency, Paris )

TABLE 6.6 Fhermal Parameters for 27U and *Pu in a LWR

Parameter P30 My
Fission cross section oy (barns) ans Gl
absomption cross section o, (harns) 430 15
Nu-fission 1o absorption 1 207 1.90
Delayed neutron fraction [3 0.0063 00021
Generation time A (s) 47x10° 27x107?

Seraree s Diata from Rel 4 psed with penmission of American Noclear Sociery
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burnable poisons, and soluble poisons (PWRs) will be less with MOX (uel than
with U0, unless the MOX rods can be placed well away from control rods and
burnable poisons. The higher “*Pu fission cross section will lead to greater power
peaking with MOX than with UO,, unless the MOX rods are placed well away from
water gups.

There are reactivity differences between MOX and UQ,. The buildup of ***Pu
and “Pu with the recycling MOX fuel accumulates parasitic absorbers that results
in a reactivity penalty, as discussed in Section 6.1, The average thermal value of 1
is less for 2Py than for ***U, which requires a larger fissile loading to achieve the
same initial excess reactivity with MOX as with UQ,. Furthermore, the temperature
defect is greater for MOX because of the large low-energy resonances in =" Pu and
py shown in Fig. 6.9. However, the reactivity decrease with burnup is less for
MOX than for UO,, because of the lower 1 for *Pu than for *U, and because of
the transmutation of “*"Pu into fissionable **'Pu, so that less excess reactivity is
needed.

The delayed neutron fractions for py, 'py, and YU are in the ratio
0.0020/0.0054/0.0064, which means that the reactivity insertion required to reach
prompt eritical runaway conditions is less for MOX than for UO, by a factor that
depends on the *Pu/™'Pu/*™U ratio. As the *'Pu builds up with repeated
recycle, the difference between MOX and UO; decreases. The neutron generation
time 15 also shorter for MOX than for UQ;, so that any prompt supercritical
excursion would have a shorter period. The fission spectrum neutrons are more
energetic for 7'Pu than for 2**U. On the other hand, because of the Targe epithermal
absorption resonances in the plutonium isotopes, the moderator and fuel Doppler
temperature coefficients of reactivity tend to be more negative for MOX cores than
for UQ, cores. Accumulation of actinides, which are strong emitters of cnergetic
alpha particles, leads to higher radioactive decay heat removal requirements with
MOX. These considerations would tend to limit the MOX fraction in a reload core.

The yield of ""Xe is about the same for the fission of plutonium as for the
fission of uranium. Due to the higher thermal absorption cross section of the
plutonium isotopes, the excess reactivity needed to start up at peak xenon condi-
tions and the propensity for spatial flux oscillations driven by xenon oscillations
{Chapter 16) are fess in'a MOX than a UQ; care.

For platonium recycle in other reactor types, similar types of physics considera-
tions would enter. However, the different relative values of 1) for ***U and ***Pu in
different spectra {c.g., the epithermal spectrum of a HTGR and the fast spectrum of
a LMFBR) would lead to different conclusions about reactivity penalties. In fact,
LMEFBRs have been designed from the outset with the concept of switching from
U 10 7Pu ays the latter was bred.

Physics Considerations with Uranium Recycle

Although it is relatively straightforward to separate vranium from other chemically
distinet isotopes, it is impractical to separate the various uranium isotopes from
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cach other in the reprocessing step. So recycling uranium means recycling all of the
uranium isotopes, some of which are just parasitic absorbers and another of which
leads through subsequent decay to the emission of an energetic gamma.

Two isotopes present in relatively small concentrations in fresh fucl M0 and
U) necessitate adding **"U to enrich reprocessed uranium to a higher enrichment
than is required with fresh wranium fuel. Uranium-234 has a large absorplion
resonance integral and, while only a tiny fraction in natural uranium, will tend 0
be enriched along with U, Uranium-236 is produced by neutron capture in |
and by electron capture in 23N, as shown in Fig. 6.4, and is a parasitic neutron
ahsorber with a significant capture resonance integral. Reprocessed uranium is
made difficult to handle by the decay product *™TI, which s 1 2.6-MeV gamma
with #; 5 = 3.1 min. This radioisotope is produced by a series of alpha decays of
2321, which is produced by the chain shown in Fig. 6.4.

236

Physics Considerations with Plutonium Recycle

i for plutonium reprocessing as discussed for

The same type of difficulties exi
uranium—all of the plutonium isotopes must be recycled. Plutonium-236  decays
into 22U, which leads to the emission of a 2.6-MeV gamma, as deseribed above.
Plutonium-238 is produced through neutron transmutation of SINps it alpha-
decays with £, ;> = 88 years and constitutes a large shutdown heat source it present
in sufficient quantity. Plutonium-240 has an enormous caplure resonance integral,
Both “Pu and *""Pu contribute a large spontancous fission neutron source.
Plutonium-241, while having a large fission cross section, also decays into
M Am, which has a large thermal capture cross section and a lage capture
resonance integral. Americium-241 also decays into daughter products which
are energetic gamma emitters, Stored plutonium loses its potency as a fuel over
time because of the decay of **'Puinto *"' Am. Plutonium from spent LWIR fuel at
a typical burnup of about 35,000 MWd,;/T must be utilized within 3 years after
discharge or it will be necessary to reprocess it again to remove the ~''Am and

daughter products.

Reactor Fueling Characteristics

Nuclear fuel cycles with plutonium recycle have been studied extensively (e.g.,
Ref, 1). Representative equilibiium fueling characteristics for LWRs operating on
the 2*U-""Pu and " Th-""'U fuel cycles and for a LMFBR operating on the
“BU-"Pu fuel cycle are shown in Table 6.7. Fuel is partially discharged and
replenished each year (annual discharge and annual reload), requiring a net

amount of new fuel (annual makeup) from outside sources. In the absence of

reprocessing and recyching, the annual reload would have 1o be supplied from
outside sources. The LMFBR produces more fuel than it uses and could provide
the extra fuel needed by the LWRs from the transmutation of “*U if LMFBRs and
LWRs were deployed in the ratio of about 7:5.
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TABLE 6.7 Representative Fueling Characteristics of 1000-MWi Reactors

Reactor Type

Charactertstic LWR LWR LMEPBR
Fuel cycle TThi PR py 238y B0,
Conversion ratio 0.78 0.71 1:32
Initial core load (kg) 1,380 2,150 3,160
Burnup (MWd/T) 35,000 33.000 100,000
Annual relowd (kg) 720 1.000 1,480
Annual discharge (kg) 435 650 1,690
Annval makeup (kg) (£l 285 350 (=210)

Soenrce: Data from Refl ¥ used with permission of International Atomic Energy Agency.

6.6 RADIOACTIVE WASTE

Radioactivity

The actinides produced in the transmutation-decay of the fuel isotopes and the
fission_praducts are_the major contributors to the radioactive waste produced in
nuclear reactors, although activated structure and other materials are also present.
The activity per ton of fuel for representative LWR and LMFBR discharges are
given in Table 6.8, The fission products account for almost the entire radioactivity
of spent fucl at reactor shutdown, but because of their short half-lives, this radio-
activity level decays relatively quickly. In fact, the radioactivity of the spent fuel
decreases substantially within the first 6 months after removal from the reactor, as
shown in Table 6.8. The moere troublesome fission products from the waste manage-
ment point of view arc those with long half-lives like e (ty2=2.1x 1w yeurs)
and "Y1 2= 159 x 107 years) and those that are gimma emitters, such as "Eﬁr
and "Cs, which produce substantial decay heating. The actinides conslitute a
relatively small part of the total radioacti ty al reactor shutdown but become
relatively more important with time because of the longer half-lives of **Pu and
*Py and dominate the radioactivity of spent fucl after about 1000 years,

Hazard Potential

A simple, but useful, measure of the hazard potential of radioactive material is the
hazard index, defined as the guantity of water required to dilute the material to the
maximum permissible concentration for human consumption. The hazard index for
spent LWR fuel is plotted against time after shutdown in Fig. 6.11. Fission products
dominate the hazard index up to about 1000 years after shutdown; beyond which
time the transuranics (actinides) become dominant. Including the plutonium in the
recycled uranium  fuel increases the hazard potential because of the con-
tinnad boitdun of 200 and 20000 Bavand 100N e 10000 wiaain afiae ohetdame
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LWR and LMFBR Spent Fuel at Discharge and at 180 Days (LWR) or 30 Day
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TABLE 6.8 Radioactivity
(LMFBR) After Discharge”

¢ (Ci/tonne Heavy Metal)

=)

LMFBR Fuel

LWR Fuel

Discharge 30d

180d
5587 % 107

Discharge

Radiations”

Half-Life ¢, »

Nueclide

1.640 x 10°
1.466 x 10°
£.039 % 10°
9.572 » 10°
9.572 % 10°
1.269 % 10°

91 % 10
1.214 x 10°

1.333 x 10°

1.648 » 10°
1.473 x 10%
1.794 = 10°
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0x10°

5.744 x 107

1.108 x 10°

1.058 x 10°
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