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IDENTIFICATION AMD EVALUATION OF RADIOMTCLJDE 
GEXEXATION/DEPLETION CODES FOR POTENTIAL USE 

BY THE DEPARTMENT OF ENERGY’S 
OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT 

ABSTRACT 

Design, licensing, and operating activities 
involved with the transportation, storage, and geologic 
disposal of high-level radioactive wastes involve 
calculation of waste nuclide content and 
characteristics at various times out-of-reactor. Gamma 
and neutron fields must be known to meet transportation 
and radiation protection regulations of the Department 
of Transportation (DOT) and the Nuclear Regulatory 
Commission (NRC). Radioactive decay heat must also be 
known to demonstrate compliance with other DOT and NRC 
regulations involving transportation, storage, and 
geologic disposal operations. NRC licensing of a mined 
geologic repository - to be constructed and operated by 
the Department of Energy (DOE) - will require nuclide 
inventory data over a 10,000-year time period in order 
to show expected compliance with NRC repository 
engineered facility radionuclide release rules and 
Environmental Protection Agency (EPA) repository 
10,000-year cumulative radionuclide environmental 
standards. 

Calculations sf nuclide content and 
characteristics will employ a radionuclide 
generation/depletion code. Twelve existing codes were 
identified and evaluated relative to criteria f o r  
application by the DOE office of Civilian Radioactive 
Waste Management (DOE/OCRWM) to high-level waste 
activities. Two codes, ORIGEEJ2 and ORIGEN-S (both 
derived from the original ORIGEN code) I appear to be 
best suited f o r  verification, validation, and 
enhancement of DQE/QCRWM activities. It is recommended 
that these codes be combined into a new consolidated, 
enhanced version of ORIGEN under NQA-1, Level 1, 
quality assurance standards. 
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1. INTRODUCTION 

In this r e p ~ r t . ,  the radiornzzcl ide gsneratioil/'dPpI etion codes 
currently a v a i l a b l e  for the ca leubat ion  of t h e  n u c l  i d s  content 

and characteristics of high-level wastes  are identified and 

evaluated. (High-level wastes inePude spent resctor: f u e l s  such 

a s  f u e l  assemblies; defense wastes, which may be converted ts 

glass was t& forms; and fuel. reprocess ing  wastes. ) 7~*he ovaluatiun 

was developed to i d e n t i f y  the codes t h a t  a m  mast applicable f o r  

the calculations needed f a r  design and l i c e n s i n g  aspects o f  

transportation, storage r. and ultimate disposal o f  high-level 

waste i n  a mined qenlogic r e p ~ s i t . o r y .  Future  code develapment 

will include verification, validation, and enhancement a c t i v i t i e s  

that will l ead  to a s i n g l e  xadianuclide generation/depletion code 

f a r  utilization by the Depar tmen t  sf EnergyPs (DOE) office of 

civilian Radioactive Waste Manageinlent ( O C F t W ) .  

X n f  n s m a t i  on abaut  the rad ionucl ide  characteristics o f  

various high-level  wastes during different time frames i s  

necessary to address the following aetivi-ties, which are involved 

in the shipping,  s to rage ,  and disposal of t he  wastes: 

1. t r a n s p o r t a t i o n  to and storage of the wastes at either an 

interim retrievable storage facility or a mined geologic 

repository facility (or both) prior ta deep g e o l o g i . ~  

emplacement (the t i m e  frame o f  i n t e r e s t  is about 5 to 50 

years out-of-reactor ) . 
2. events occurr ing  af-ier emplacement of the waste in ihe  

repository and r e p o s i t o r y  ~ P B S U F ~ ,  s : ~ h  as the thermal p i 1  S P  

arid i ts  effects ofi the anticipated repos i tory  performance 

(the time frame of interest is about 10 to 1,000 years  after 

repository ~Pssure); and 
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Radionuclide ~ n ~ ~ ~ ~ ~ ~ ~ a ~  will 
repasitory desi and f o r  license plications ta, the 
repos  itsry c a n s t r u c t  i n p  receipt OF waste, and xepssitory 

elcssure, as specified by The rules 

ire 88reassnable assurance that the types an amaunts of 
oactive materials escribed in the application can be 

received, passesse isposed of a . 8  ithaut unreasonable 
risk %a the heal safety of public@ (Part 60.31 of 

used i n  predictin ~~~~~a~~~ with 

impor tan t  to sa fe ty ,  whic 

receive clansidera 

reference l4R@ 1986a)- The radiogl eneratisn/de 

has been placed DOE on .$ha Q-list" 

ality assurance standa The! code may 

and it% verification, va%i nt are important 

to the  successful campletion af high-level waste repasitor 

nificant part of the operations of the n clear reactor 

industry invalves the safe an e f fec t ive  xnana 

radioactive hi -Bevel waste, For example, fuel elements that 

s i t o r y  stmctures # 

atisn and are  thereby 
ality Level 2 )  sf the 

been det.ermined to 



4 

3 ~ s  gr -e sen l iy  d i  scharga-id f r o m  pwer reactars are stored under- 

w3ter i n  pools a t  L I E  scactos site. mile current plans are to 
continur and ssiiiuexhak expand t h i s  type  o f  storage, l i m i t a t i o n s  i n  

~ i c  r e a c t o r  pool e p c e  may r equ i r e  t h a t  the fuel be t ransfer red  I .  

~ : - ~ l ~ e r  . I &  to a p o l  at. dnotiwr sezctf~o~:, to on--s i te  storage casks, or 

t u  s f f - s i t s  starage, A f t e r  a geologic repository i s  sperat.Lonal, 

t h e m  1s ;.Ale ultiaata requirement o f  transpartation of spen t  fuel 
(v i a  sh ipping  casks] aad t h e  f i n a l  d i sposa l  of t h e  Cue1 i n  t h e  

rcpositorqr . One o f  the  main eoncerris i n  these transfer 

operations is  the r ad ia t ion  protection of bath the workers 

peh-fo-miny these o r-ations and the pub1 ic dur ing  t h e  shipments. 

~ h i l  e the braad t ime-fx-am-ne of interest for t h e  r epos i to ry  

emplacenicnt ex tends  fram shortly af te r  discharge to p e r h a p  100 

yearsL a 5-  ts 50-ycanr range includes cmBing t i m e s  l i k e l y  t o  be 

uspi", in shipping cask and/or s t o r a g e  F a c i l i t y  design. 

* I  

Kcny ccmp~keib- codes. now exist that are used to design 

.;hi elding f o r  casks o r  o ther  fuel t r a n s f e r  ope ra t ions ,  I n  

a J d i L i  un t n  s h i e l d i n g  computations I c0des are applied to problems 

o f  hcahr. transferi criticality, and environmental assessments 

H p q x i r z d  i n p u t  d.2ta comnm ts these codes are the s ~ u r c e s . ,  known 

sither z, S O M ~ C ~  terms or seuree spectra .  Source t e r m s  are a set 

of nuc l ides  r-jiven i n  m a s s  u n i t s  (grams or gram--a%ms) or 

r a d i o a c t i v i t y  (curies) and source spectra consist of a 

desr;x-ipti.on o f  the s o a ~ ~ c e  d i s ' i r  ibutian (erwugy variation) and 

i n t e n s i t y  (cumber per mass) o€ gxma rays or neutrons;  the latter 
arc' i l C C c s s a - - -  L,y  i n  s h i e l d i n g  ana-&yses. T h e  production of 
s a t i s F a c t o r y  souicc t e r m s  and source spectra is the primary 

o b j w t i v e  o f  the ssurce code, r 4 s s t  of the codes t h a t  produce 

sniirces arc bawd  on point i s o t o p i c  c ~ e p ~ e t i o n *  and decay 

schenes. The imgar"c;aice of a p a r t i c u l a r  isotope to affect., OF 

.k Pcsin"c dep'etian codes are zero-dimensional neutrsnics 
modcls i n  which t h e  e n t i r e  r e a c t o r  csde is considered a single 
e n t i t y  * 
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influence, the results (en 
criticality of the fu 

heat to be issipateid) w i l l  e particular a n a l y s i s  

e The perk .$lions $hat affect t 

ortatian of i e f l y  discwsse 

The package desig rice standards;, and Picensing 
ctive materials s u c h  as spent 

nt of ~~~~~~~~~~~~~ (OSf]:) i n  

These materials 21x-e slsipped 

in Type E3 packages, ed and eans t ruc t ed  eo 
$e as given in Part 71 o f  

ages are those 

shipments that ar 
criticality i 71,63 f o r  type B packages 

zsirements of the 

le material peamissi 

ariaus types of packaging. 
ages covered under  general 

rough PV of NRC 1986kw 

eriaBs are calcuZated as a 
e shipment, us ing  a 

formula given in Part 71.24 of referean 

External ra i a t i o n  s t a n  s f a r  all packages arc? 

established in Part 1173. 43” Of reference DQ 1985, The general 
standard states that the ra iatisn level must no t  exceed 2 0 0  

m r e m i h  at an point on the surface of the package. In the cask? 
of exclusive-use %hi made in a el0 vehit21.s w i t h  nn 

QT unloading i o n s  carried aut 

200 m r e m / h  standard i e s  $a t h e  elsuCer stlrfacs of the 

t ranspor ta t ion  vehicl the  l i m i t  at t 47. package surface is 



The package m u s t  hs? designed so that the accessible surface 

tercperatux-c dees not exceed SQ) C in a nonexclusive-use shipment 

01- 82 G in a i  swciusive-use shipment.. The package must be 

desicjne2 SO that t;"l~:-e wsuld be no loss or dispersal of 

radi aactive c o n t e n t s  if it xere subjected to normal coildi t i o n s  of 

k a n s p o r t a t i o n  (part 7 1 - 3 3  1 or hypothe t ica l  accident conditions 

(Part 71.73). 

?Jl<C des iqn  criteria f o r  the repository operatisns area (Past 
5'3.171 o f  reference NWC 1986s) state t h a t  radiation doS@s> 

levelsg and concentrations are restricted as specified in Part 2 0  

of refe-b-enct? NWC 1986~. T h e  radiation dose standards f o r  

individuals i n  restricted areas (see Part 28.101 %if reference MRb3 

198Sc- )  list -wximum c a  l.endar q w a r t e r l y  doses far various body 

orgdns of individuals. Permissible levels sf radiation in 

ui?restr ic ted areas and in efPBue~ts t-o u n r e s t r i c t ~ ~ 3  are 
z.ddxesssY2 in Parts 20.105 and 28.106. The dose to the whole body 

in an unr2strictsd are2 i s  l imi ted  to 0.5 rem/year. The  releases 

of rad ismel ides  to iinrest.rleted areas are limited to specified 
c n n w n t s z t i  ans above 11atura2 background, w h i c h  are calculated 
accordh-ng "is the radionuclide tabhe in Part 20, Appendix B ,  of 

sreferarnec NRC 1986c, 
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2,2 SWHELDI 

Dose rates from exclusiv erial packages 
are limite to 38 m s e m l h  at 2 m from r f n c e ,  200 

m r e m / h  at t he  vehicle surface., or at k:.he cask 
surface, assumin the material is carried in a closed vehicle 

that is not ope estination, Personal 
exposure during the ~ ~ a n ~ ~ o ~ ~ ~ ~ ~ ~ ~  ~peraticms Is caiased by 

eutrPPns. There are several 
a m a  dsse and the 

decay heat i n  Tables I and I ,  The 

major nucli. amma ds;sse and/or decay heat 

uclides most amma dose 
fallowing 10 

4 . 9  x 10-6 
2 * %  x 100 
8.6 x 185 

5.3 x 105 
2.8 x a_oQ 

1.1 x 10% 

iatian exposure frQm one metric ton of 
dose rate conversion f a c t c s r s  from 

contributions have 
been omitted.  

resskirized ater reactor - 60 g i  

"BWR = Boiling water reactor - 4 0  GW 

Although this nuc has a short half-life, it is present  
in waste in secular e i l em w i t h  its precaarsor, 137Ca, 
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5.4 x 102 

5 - 1  x 102 

3 * 8  x 102 

2.'7 x 102  

1.6 x 102 

1.3 x 102 

1.1 x 102 

1.0 x 102 

9.2 x J.O1 

4.5 :< 101 

2.2 x 103 

1.1 x 161 

1.1 x 101 

3.6 x lo2 

3.7 x 102 

9.3 x 3.01 

1.3 x 102 

1.1 x 102 

6.3 x 101 

7.7 x 7.01 

5.6 x 101 

6.7 x 161 

1.2 x 101 

1.8 x 101 

9.4 x 100 

8.0 x 100 
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be noted t h a t  the c u r r e n t  practice by shippindy and 

appl i ea t  isns based 017 

fuel that has a higher x= a SlrPsPnrter cooling time thali 

t h e  a c t u a l  fue l  that is expected to be shipped or s?a.-rd, 

ners is to s u  1 icensa 

Therefore ,  w h i l e  t e accuracy oaf t h e  source codes a r e  VEL->- 

important, cask des igns  are currentl baaed csnserva.P S"JC 

assumptions.  If f u r t h e r  op t imiza t ion  of cask designs is desired, 

t hen  better accuracy and more extensive va l ida t ion  of the codes 

may be required and 0k"e realistic assumptions w i l l  ..need tQ be 

employed. 

Criticality studies are u s u a l l y  based on fresh f u e l  for cask 

design; t h i s  results i n  conse rva t ive  eF; i.gsns WPec;.ause dis&arged 

f u e l  has  lower heavy metal  con ten t  than fresh fuel. Spent E u e l  

a l s o  c o n t a i n s  fission products ,  some of which are neutro:n 

abso rbe r s .  



was one of the cases used in s tad ies  on spent fuel criticality 

analyses  ( S a n d e r s  et a b .  1987 arid Ccrne et al. 1987). 

29.30 

25-00 

18 _I 3 0  

6.61 

3 - 8 3  

3 - 9 4  

1.423 

1.10 

1.10 

0.95 

0 .87  

0 - 7 3  

0 . 5 8  

0 . 5 2  

9 2 .  '10 



I n  recent years, interest as been focused an the 
possibility of t ak ing  credit f o r  the net depletion af fissile 
materials caused by the fission process, as we x as the growth of 

the neu t ron ic  pois;anirn effect of f i s s i o n  products. Establishing 

p e a r n 1 i t s  t h e  eloser spac ieS and, therefQrfl, 

increased ca.pacity sf s h i  g casks for a even cask weight. 
NRC has licensed storage p redit was applied 

to permit  ekoser fuel 6 spent fue l  cask has 
been approved in which such credit was taken.  

and taking credit  f a  the lower r eac t iv i ty  of irradiated fuel 

fter emplacement of aste i n  a mine Q S i t O r y  and C l O s U r E ?  

repository, the NRC rules require t ha t  containment of 

es by the waste package (the waste f o r m ,  canister, and 

packing) be essential1 ccmplete f o r  not less than 

388 years or mare than 1800 years (Part GQ,213(a 

reference NRC 9986a) il erisd o f  essentially complete 
ent, heat resaal.tinq f decay of radionuclides w i l l  

contain ru es which l i m i t  t f heat  that may be 

be released from t. e waste. While the NRC re 

0 contain rules which relate to the effects of 
on t'ne repository and its performance. For example, in 

P a r t  60.122 (b] of reference NWC 3L9S6a8 the following favorable 

eonditisns will re istory a f t e r  

n c e m e n t ;  Is ( 3 )  Geochemical conditions t h a t  (i) promote 

p r e c i p i t a t i o n  or sorption sf radionuclides; Qii) inhibit the 
formation sf particulates, coPlai 8 ,  and inorganic  and organic 

complexes that ixacrease t OhiPity af radionuclides; or (iii) 

inhibit the t r a n s p o r t  of radionuclides by particulates, colloids, 
and csmplexes; o r  ( 4 )  mineral assemblages that, when subjected to 

thermal loadingsb w i l l  remain unaltered or a J t e r  to 

ineral assemblages having equal  or increased capacity to i n h i b i t  

radionuclide migration, 8g 'Elme thermal pulse (the increase of 

re of the surrounding gesfo ic formation resu l t i -ng  from 
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the decay of the fission products  i n  the w a s t e )  .is identified i n  

Part 60.913(b] (23  of reference NRC 1986a ais a Ozctor tu tcrke i n t o  

account when evaluating system pcrfamancc o b j e c t i v e s ,  Factors 

to consider  are '{the age and na tu re  o f  t h e  waste,. and the design 

of the underground Eaej.1 ity, particularly as these factors bear 
upon t h e  time during which the thermal pulse is dominated by the 
decay heat from the f i s F i s n  praduct.s . . . q B  Thus, knowledge o f  %he 

temperature and the nuc l ides  that produce the thermal p u l s e  is 

n e c e s s a r y  in order t.a design and evaluate the expected 

performance of many repository components or processes. Examples 

01 such des ign  and performance infornation include ( a )  canister 

carrasion; ( 2 )  reactions sf the waste, calrais'zer, and packing wi th  

groundwater; ( 3 )  reactions between groundwater and the repos:i tory 

mineral  assemblage; (4 1 disso1u.ti.m of radionucl  ides f r o m  the 

waste; (5)  p r e c i p i t a t i o n  o r  sorption of dissolved radionuclides, 

etz. ; ( 6 )  thermomechanical behavi or sf h o s t  rock (exparrs ion, 

fractures, u p l i f t ,  etc. ; and ( 7 )  heat  renovab requirements 

dur ing  operation. The thermal pu l se  and its effects have been 

s t u d i e d  b y  the repository s i t e  p ro jec t s  (Ahtenhofen 1981; Srnyth 

and Caparuscio 1981: Bish et al. 1982: Levy 1984; Oversby 1984). 

Data on the radionuclides c o n t r i b u t i n g  to waste thermal 

power f o r  light-water reactor (LYTR) spent f u e l  have been rcported 

by Roddy e t  ah. ( 1 9 8 6 ) .  Same a€ the important radionuclides in a 

typical spent EueL waste are S ~ Q W - ~  i n  Table 4.  These data are 

taken from a longer list i n  %able 3 . 1 4  of Yioddy et al. ( 1 9 8 6 ) ~  

which i d e n t i f i e d  all rad ianucl ides  c s n t r i b u t  ing more than  0.1% of 

%he total heat. 

on ly  a few f i s s i o n  products ( Q Q c ~ ,  90Sr, goy, 1 3 4 ~ 3 ,  1 3 7 ~ s ~  

13'7m%a, and 154Eu) are the main S @ ~ I , Y C ~ S  st heat f o r  the period 1 0  

to 100 y e a r s  a f t e r  discharge (see T'able 4). When t-he h e a t  
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- - - - - - - - - 
1.49 x 101- 

~ r n  = gigawatt-days per metric t on  of i n i t i a l  heavy 

H. C. Claiborne, R. C. Ashline, P. 
e, Physical and Decay Characteristics , ~ ~ L ~ ~ ~ - 9 5 9 ~ ~ V ~ ~ R l ,  Oak Ridge 

Tenn,, 1986. 

for pressurize -water reactor (P 
platted as a func t ion  of time, (Fig. 1, by Rsddy e t  al. 1986), it 

be seen that the total heat generation decreases from about 

at 10 years to 2-86 x 102 W~MTINM at 100 

years" 



U
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Then, during t e period 10 years a f t e r  discharqe, 
of the fission praducts have to very low Val 
actinides a main 55Purces Of heat- 

00 years a f t e r  d i s c  e, the t o t .  the spent fuel 

has decreased to 5*47 x 10% 
ief contr ibutors  

ost of the heat generate by the waste is released 
during the first years a f t e r  r-epositaq cl.asure, t 
of a repository will increase and pass rough a maximum. 

regQsitarry t e m p e r n t u s e  may 'be areaelhe 106 years 

a f t e r  clssanre ( f o r  example, see Fig.. 2 ) .  Of course, t h e  integral 

heat, as noted in Pi 3 ,  cantinaxes to increase throughout the 

the calc t . isns,  a1 

radionuclide slition code w i l l  be used to 

support calculation CI as Ea fgancticasa of t i m e  in the 
repssitsry* The heat released decreases with time. The 

p r i n c i p a l  release is i m p  the first years af te r  repasitor 

when the main sources o f  heat are away a few fission 
The codes selected shaul be able to calculate these nucl ides  

w i t h  acceptable accuracy aver the 1 -.year time frame. 

Some a c t i n i  es are important in calculating heat loa s a f t e r  %8ng 

s aE time, an t c s  be predicte accura te ly  II 

activation pro u c t s  are unim o r t a n t  in heat sa lcu la t i  on6 * 

UCLIDE RELEASES TO THE ENVHWO E REPOSITORY 

A l i c e n s e  a plication must be submit ted k;8 DOE to NRC and a 
License issued by MRC f o r  (I construction 0% a He &PSitOf^pyT, (2) 

8-, of waste by the repasitary, an ( 3 )  repasitsary elosuk-e 

Both khe N c rules QNRC P986a) and the EPA 

s tandards jEPA 1985)  spec i fy  repos i tory  performance an 



so 
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isolation technical zri teri-a.  T h e  NRC r u l e s  sek scccptahle 

radionuclide rplease rates from the 2ngineered facility, wh,ile 

the kXjA staiidards limit tile cumiuulativc radionuclide releases t o  

the accessible environment.  Denonstratiofl s f  expected compliance 

with these release? critcr-lka ?dill requ i r e  knowl&qr 01 the 
rad-; onucl ide  ii-nvcntory or source te3 rn. cZalcu3 at i o n  of the 

repos:-tory inventory at var ious  t i m e s  i n  t h e  f u t u r e  will r equ i r e  

use  of a r a d i o n u d i d e  yeneration/dep~etian code. R a d i c m u c l  i de 
g e n e r a t i a n  ea1 c u l a t i o n s  w i l l  be needed t o  quantify the 

radionuclide inventory- of t h e  reactor waste (spent f u e l  elements 

and s t r u c t u r a l  parits: dcfe?s.;e pracessirq ~n73s;tes r' and/or o t h e r  

fucl reprocessing wastes) as it is emplaczec! in the repositury, 

because chemic31 analysis t n  measure the ~t7ast;e inventory  ~ 0 1 1 l d  be, 

econsmiczily, i f  not technical ly, i m p r a c t i c d l .  Thpn 

raddanlicl ide  depletion calculations wi 11 be necessary to a d j u s t  

the i n i  t i a l  inve j r tvry  t u  C C C O U ~ ~  f o r  r a d i o n u c l i d e  decay C i u - i i l g  

s taragn and i s o l a t i o n .  Some as;pe::ts of the NRC and EPA 

regulakions that a f f e c t  code selection arc? b r i  e fPy  discusst>ia, in 
the EoPlowinq sections 

The predic ted  performance o f  khe waste paek.age, engineered 
facility, and jeclogic repository m u s t .  s a t i s f y  c e r t a i n  regulatory 

r u l e s  and standards at specific times a f t e r  waste disposal or 

repositswy c losure ,  The impact of several o f  these rules and 

s t anda rds .  is import-ant: j.11 the evalua t ion  tD f  radionuclide 
generation/deplet~.on csdes for a p p l i c a t i o n  i n  reposikory 

perforinawce assessment. work. 

The NRC rilles state t h a t :  during the period of contajnment, 

t h e  containment of waste by t he  individual w s t e  packagcs m u s t  be 

"esseztially completeS' f o r  a period to be detelni incd by the W R C .  

This period w j l J .  not be Zcss t h a n  3 0 0  01" %ore than 1000 years 

a f t e r  pgrmanetlt r epos i to ry  c losure  [ P a r t  60. PI3 (a) (1) ( i i )  ( A )  of 

seferencc NWC 198623. This rule has bze:a interpreted by 
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to mean that a vcr e r ad ioac t iv i ty  

that results from t igh-level w a s t e s  originally empiaced in 
erground facility will be cisntai within the set  of 

waste packages during the ~ ~ ~ ~ t a i n ~ ~ n t  per * They have set the 

b'o2arc~nwing three design objectives as current program goals (QOE 

ISS-7) ." 

By v i r t u e  of the intrinsic 

e Qf the waste 

w a s t e  package campo 

far a contaillm years a f te r  
permanent closure sf the repository, 

The NRG rules specify that;, a f t e r  the perisd of containment, 

rate of any radionucl ide f r o m  the en imered 'barrier release 



The NRC regulations also state that  the repository 
performance must meet any applicable environmental standard 
est.ablished by EPA [Part" 60,113 (b) (7 . )  of reference WRC 1986aI. 

The EPA regulations (EPA 1985) establish repository contah-ment 

standards that set cumulative releases to the accessible 
environment f o r  10,600 years a f t e r  disposal (Part 1191.13, and 

The release Appendix A ,  Table 1, of reference EPA 1985). 

limits arc given in terms of curies per 1600 M T E m  of waste f o r  

s a m e  individual radionuclides, and a l so  f o r  some grsiips of 

radi anuclides. The EPA regulations state t h a t  Rpreasonable 

expectation's t ha t  the release limits will be met is required 
[Part 191.13(b) of reference EQW 19853. 

* 

To calculate radionuclide iiiventory information fo r  use in 

showrkng predicted eompliaiice with NRC radionuclide release-rate 

regulations, the code selected should (I) provide accurate 

information at the time o f  s i t e  closure (perhaps abouk 58  years 
after emplacement) for use i n  the c a l c u l a t i o n  of the repos i tory  

heat load and thermal pulse effects on the y-esiagic se t t ing  (see 

Sect. 4 above) and (2) provide accurate information at the 
1000-year ti-rne period far use i n  the c a l c u l a t i o n  of permissible 
radionuclide release r a t s s  from the engineered facility. In 

addition, i n  order to s a t i s Q  the EPA regulat iaas ,  the code 

should calculate radianiaclide inventories or release source t e r m s  

for a cumulative period of 10,000 years after disposal. 

4.2. IMPORTANT RADIONUCLIDES 

As a r e s u l t  s f  the overlapping ganap1.y of regulations (NRC 

198Qa; EPA 1985) and similarities among the different waste t y p e s  

for disposal  (spent fuel. ,  d e f e n s e  waste, and repracessing waste) , 
a relatively short list of radion.uclides can be i d e n t i f i e d  as 

" ~ h e  c u r r e n t  status of these EPA regulations is uncertain 
due to recent court declisicnns. However, it is likely t h a t  similar 
regialiatians may eventually become f i n a l i z e d  and, f o r  the sake of 
discussion, the current regulat-ions are referenced in t h i s  
repar t  0 

. . . . . .- ______._I. _____I__ 
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m o s t  significant an I therefore, r e q u i r i n g  accu ra t e  

%ions of q u a n t i t i e s  as a f u n c t i o n  of time. The major 

uclides of relevance t o  waste d i s p o s a l  have been identified 
in two reports ( errisk 1985; Oversby 1986 .) The findings of 
those authors a r e  brief ly  iscussed below. 

~v~~~~~ (19 ared the E r e g u l a t i o n s  with 

t fuel in an attempt to identify the  m a s t  important 

~~~~~~~n~~ assessment. In B ~ e r s b y ~ s  a n a l y s i s ,  all r ad ionuc l ides  

w e r e  a ~ ~ ~ r n ~ ~  to be released from the engineere facility a t  the 

@I release-rate rule l i m i t  sf I part in 105 per year of the 
-year inve (. e c u ~ ~ ~ a ~ ~ ~ ~  releases of individual 

radionuclides were then compare 2 0 ,  QQ0-y-r 

it% fo r  those radianuGlides,  in order to 
identify those that would excee EPA limits withaul:  the 

eerr;d or nat rsriers i n  t he  r epos i to ry .  

f o r  ~ ~ ~ ~ ~ ~ ~ ~ a t i ~ n  i repository 

or taken from standa 
lides w a s  develope meet the NRC 
rememt, but wo Sd exceed the EPA cumulative 

0-year limit in terms af %he r educ t ion  factor needed t o  meet 
is given in Taki le  5. 11 

the  l i s t  automatically meet the EX)B l i m i t  if 
they meet the NRC regulations. 

to the analysis conducted by Oversby, the 

mericium nuchides will reatest degree 

releases by en d/or n a t u r a l  barriers, 

ante modelin activities,  hera afore, radionuciiae 

and, as a result, the  g r e a t e s t  attention in repasitory design and 

g ~ ~ @ r a t i o ~ ~ ~ ~ ~ l ~ ~ ~ o ~  codes used for licensing purposes may need 

t o  be especially accurate, or show reasonable assurance of 

for these radionneli es and their significant 
precurssss. 
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Table 5. ~eductian fact-ors necessary to reduce N R C - a l l o w e d  
releases to the maximum EPA-allowed valuss" 

Radionuclide 

2483, 

239pu 

2 4 1 m  

794 

692 

159 

234g L: J 

4 

3 

2 3 8ylh 2 

1.3 

An analysis of the important radionuclides i n  FWR spoilt 

fuel, PWR high-level, waste, and defense high-level w a s t e  was 

conducted by Kerrisk (1985). A c t h i d e s t  ac t iva t ion  products, and 

fission products w e r e  considered separately f a r  the PWR wastes I 

w h i l e  the defense waste was considered as a whole. Various 

compariscsns were made between the. waste inventories and t h e  

regula tory  release limits for  a number of release scenario 

models. The data directly comparing the waste inventory and the 
EPA cumulative release l i m i t  w i l l  be of interest in the area of 
radionuclide code evaluation. Data from Merrisk (198354; are shown 

i n   abl le 6 .  
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The analysis by Kerrisk shows generally similar results far  

the three waste types and is similar to the results of Oversby. 
The various plutonium and americium radionuclides are, by far, of 
the greatest importance in the desi n and performance modeling of 
the repository. A number of activation roducts ("C, 59Ni, 
etc.) are also important, but much less so than the actinides. 

es not an the l ist  are iven as ~1 and automatically 
meet the EPA release standar  s due to low inventory content. 

As a result of the regulatory rules and standards for waste 

isolation and radionucli e releases, the code should calculate 
o r t a n t  radionuclides with reasonable or acceptable 

accuracy over a 1008- to lQ,~OQ-y@ar time frame. ata f o r  the 

radionuclide decay schemes and radionuclide half-lives in the 
data libraries utilized by the code must be carefully verified to 
avoid errors in extrapolatin ka these long t i m e s ,  in addition to 
verifying the code's calculational met 

With respect to identification f the more important 
radionuclides, the analyses of bath Kerrisk (1985) and Oversby 
(1986) gave similar results. Their findings are important in 
considering the selection of a radionuclide generation/depletion 
codes, and in the planning of verification, validation, and 
enhancement activities. Actinide radionuclides are by fa r  the 
most significant potential violators of the regulations: 
therefore, the. select@ codes must calculate actinides with a 
reasonable or acceptable accuracy over the 1000- to 10, 
time frame. Activation products are the next mast important 
group o f  radionuclides, These primarily are fomed from 

impurities in the structural materials in the reactors and/or 
fuel _. Validation of these activation products may be more 
difficult than f o r  f u e l  components because the content of 
important structural material impurity components such as 58Ni 

t 
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Table 6. Comparison o f  the radionuclide inventory  at 1000 years 
with the EFA cumulative-release 1 i .mi . ta  

239pu 3.1 x 18-7 2.1 x 1.7 x 1.02 

23% 2.0 x 10' <1 

2 4 2 ~ ~  3..8 x 101 <1 

1.5 x 101 

<1 

5 9 N i  5.2 x lo8 5.1 x 100 5.5 x 100 

%r <1 1.8 x 100 2.0 x 100 

"Nb < 1. 1.7 x 100 2.0 x 1QQ 

99Tc <1 1.3 x 108 <1 

94Nb < 7  1,2 x 100 <1 

2 3 0y7h <1 <1 1.2 x 100 

"Source?: J. P. Kerrisk, A n  Assessment -,gf _ _ _ _  the ~Q?;o?~-& 
_l.......l. .- ---- .̂.._I 

Radionuclides in Nucbear.....W.gs&, Tables VI VI1 and VIXI LA-- 
10414-M5, Los  A l a m c l s  National Labsratary,  Lo% Alamos, N.M. 1985. 

or 59Co may be known w i t h  less c e r t a i n t y ,  A ~ s Q ,  it seems likely 
that less a t t e n t i o n  may have been given ts sowe of these 

activation praducts during the developnent of some o f  the 

radionuclide gen@ra~ian/depletioH codes because t h e y  w e r e  thought 
tu be of sec~ndary importance i n  reactor design and operation. 
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Thus, verification of the treatment of these radionuclides by the 
codes is very important, 

Finally, it is significant that fission products are  almost 
t from the lists eveloped by either Kerrisk or 

Oversby. Even though fission product decay is the main source of 
the heat resulting in the thermal pulse in the repository after 
waste emplacement and in the photon spectra of importance in 
shielding analyses f o r  transportation and storage of wastes, 
fission products are of minimal importance in modeling long-term 
repository performance. 

5 .  CRITERIA FOR CODE EVALUATION 

The following general. criteria were established €or use in 
reviewing the existing radionuclide generaticmidepletion codes 
€or OCRWM applications. These are usergs criteria in that they 
address aspects of the application or use of the codes, rather 
than consideration of code type or calculational methodology. In 
order ta be selected as a code for further verification, 
validation, and enhancement: 

1. 

2. 

3 .  

A code should be generally recognized by the scientific or 
technical community and have widespread use for the 
calculation of radionuclide generation or depletion for 
various applications. 

The latest version of the code should be readily available. 
It would be a distinct disadvantage if a code is 

proprietary, since it could not be selected unless agreement 
could be contracted with E .  Future code support and 

enhancement aetivjties would be facilitated with a domestic 
code. 

A code should run on generally available computer systems 
and should not require special or unusual hardware or 
software. 
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4.  A code shaial-d be a p p l i c a b l e  f o r  calculatioi'r of rzfiisnucl ide 

c o n t e ~ t s  of the three wiste types that nay be placed i n  a 

repos i tory  (spent  fuel .' defense waste J and reprocessing 

waste) over the ti'siie periocis of regul-atory interest. 

5 .  For application to shieldingJ transportation, and 

operational- aspects crf repository operations, a code shii i i ld 

cak@uka.tr 'ihe important  fission products, actinides,  and 

activation products  (see ~ a b l e s  1 - 3 1 ,  and as well. as 

provide photon and m i a t r a n  sotiroe spectra froin d i  schai-ge to 

perhaps 108 years  a f k r  discharge with sufficient accuracy 

ts satisfy regulatory requireaeats. A l s o ,  uszr i apu t  of 

energy-group-~tructu~~ should be allowed. s i n w  some 

wastes, particularly defense Wa:r:tCS , may be stored i n  a 

waste farm other t han  U02 ( e . g . #  borosilicate glass )  I it 
could be advantageous i f  the code i s  capable sf ciimpiiting 

any siqnifica1P.P; ne-ait-t-on saiarce spcctra produced by alphs- 

neut ron  react"rons ~ 7 i t h  l i g h t  elements. In addition, then-c 

may be a need f o r  "Lie code to possess the capahilitiss f o r  

calculating br~msstrah7.ui-rg froin multiple m a t r i m s  and 

packages f o r  xedia other  than I-i20 and U O z .  

6 .  For application to thermal pulse aspert-s of repository 

isolation, a code s h o u l d  eaicul ate the important f i  ss i a n  

product:, an3 actinides (see 'i'ab1-c 4 )  over the 10.. to 

l00-year time €rams with siiffi cieat a c c i . i r . ~ c ~ ~  to s a t i s f y  

regula tory requ i remen t-5. 

7 .  For a y p l i e a t . i s n  t o  radi.snucl..ide release aspects of 

reposi-tory isolation, a code should calculate the i m p o r t a r t  

actinides aad activalian proc1i.ict.s (see Tables 5 and 6 )  over 

'the 1 0 0 0 -  t s  10,000-year time fraxe i s i th  s u f f i c i e n t  acciirzcy 

t30 s a t i s f y  regulatory r equ i r emen t s .  
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8, eade should be amenable to wexificatisn and validation at 
the NQA-1, Level 1, ality assu.rance level. m e  aat.a 
libraries far the cod tables of radianucl i e ha2 f - l  ives  

ernes, Cr-BSS sections, etc,) should be s u b j e c t  tu 
easy revisisn a11d sapdating, hese libraries also will need 

4x3 be amenable to verification at the EQA-1, Level 1, 

These criteria were then C6H681 ered in the f a 8 l s w i n q  section to 

evaluate the available radionue%i e generation/ epPetian codes. 

A list of PI e radiesnucl i  el-a.t ion/dep 1 et ion codes t h a t  

%?ere considered in this report  iven in Table "7. T 

was prepared from extensive literature review and the  experience 

Radiation Shie ld in  I n f o m a t i a n  Center (RSZC) camputel- code 

co lkec t l an  Qasrc ssssg * u s i n  e ~ ~ ~ ~ ~ ~ ~ t a ~ ~ ~ ~  fair each code 

e #  an evaluat ion was to select the mast 

concerning ethods used in the  codes to treat isotopic 
GayI the caades in Ta le -a are a l l  eane- ta few-qroup 

complex spatia3 and spectral effects sccurring i s 1  a reac to r ,  

point. depletion metho s are surrcl-atly the most efficient 
IInCdnS for accurately Simlalating the buildup and decay of the 

necessariLy lar e number of sa Glides [ra&scse;l t h a t  must be 

a€ the authdarsg os$ of the codes are avai lable  %'ram the 

applicable codes for Future  v tisn and enhancement eEfarts.  

paint dep:i.etion codes arid thus represent an approximation sE the 

However q 

considered f a r  s p e n t  fuel anal 

A ninmher 05 codes w e r e  siammarily e3.i.miraated fear several 
reasons,  A n  important positive consideration fo r  the doxneskic 

codes was t e accessi-bilit.y 0% the developers and major u s e r s  w h o  

c0u'Fd be csnsul%e in any f u t u r e  e f fo r t s ,  A l s o ,  n o n e  o f  the 

fo re ign  eades appeared pls offer any significant adwanta 
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QRIGEN2 an one distinctive liability - no ava$%able 

cross-section library fo r  b a i l i n  -water reactors (BMRs) - 
Of t h e  remaining s ,  FISPIN was no$ selected for furthex- 

review. Like KORIGEN, F1SPI.N code seems to be d hi 
e and appro r ia te  f o r  the specified applicatia 

because it is a fa re ign  code, it was  eliminated. 

The erne le 7 no$: mentioned in the above 

discussion is code i s  in te r face  With tEle point 
kernel code TSQS ta provide an easy-to-use psT%3c.E*33tBpfe fo r  

routine. is limited because it only  evaS Gates the g a m m a  soul-ce 

spectra from fission roducts an ires another  routine from 

gZUl’lma-ray SQUT era t ion  and shiel inq analysis* The 21% 

BHEM FtAD to evaluate the bremsstrahlung source s ectra, In a 
more complex and complete fashion, %,he SAS2 shielding sequence a f  

SCALE interacts with ORIGEM-S ts generate radh . t i sn  ~OUTCB 

spectra f o r  Subs ent input to a ra i a t i o n  t r a n s  o r t  module * 

‘Ilhus, the SAS2 s nce is included with tha ~~~~~~-~ summary i n  

Appendix A. 

An automated rocedure caLPe GRESS has beer1 added ta 
ORIGEN2 to a id  in t evaluation of uncertainties asseaciatea w i t  

radionuclide decay ca lcu la t ions  I an ified code has been 
orley et aP. 198t3S). GR 5% ~~~~~a~~~~~~~ 

adds the  necessary lines of c a d h  to calculate the firs& 
derivative of any mode% viariab4.e w i t h  respect to any other model 

high-level waste disposal pro ms to be performed w i t  

e f f o r t ,  as compare e ~~~~~~ code, In additism, 
this capability w i l l  be usefu l  in exi’p1.02cing the effect  of 

variable I) T h i s  capability allows sensitivity studies a% 

uncertainties in t ata, S e n s i t i v i t y  st 88 undoubteday 

w i l l  be an important aspect @sf t e radionuc calcu%at. ions 
involved in the p r e d i c t i o n  of waste characteristies and 

performance, an 8RCIGEN26 i s  a u s e f u l  a d d i t i o n  ee. the O R I G E  

code computational a b i l i t y .  
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calculational capabilities to higher burnu f u e l s  and to model 3 

wider range of longer-lived nucli 

Validation af the enhanced code by comparison w i t h  actual 

spent fuel analytical ata will be an i n . t e g r a l  parr.&. of t$1e 

activity and must ith the r e . s u h T s  tha?, 

are obtaine from the saharce tern calculational predictions, The 

validation process is cyclical in na tu re  and inc:laiides We (1) 

validation experiments, ineludin es t ab l i shmen t  of vy3.lidatian 

goals; ( '3)  collection sf e 

formulation of a mo el Qs43uree tem1-i code); ( 2 )  design of 

experimental r e s u 1 . t ~  comp with code F r t i h s n s ;  and (5 )  

recycling w i l l .  depend an whether the esde is judge to have m e t  

revision of the code, if necessary, The need fo r  revis iar!  and 

the validation goals or cr i ter ia .  T h i s  report is t he  fi-rst phase 

categorizing the major hi h-level-waste-~egat@d appl ica t ions  to 

Qf the eode enhancement a a ; l t i V i t  entifies these goals by 

which the enhanced code ay be applied, r e v i e w i  nig pertinent 
features sf available 60 eXamini.nCj those exiStinGJ GOCi&.?S 

ES SELECTED F&, 

7.2.1 Code Selection 
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hTct a1 1 codes 3-re capable of calculating neut ron .  a c t i v a t i o n  

p r o d u c t  g c n e r a k i o n  or i x e p l e t i o n .  3ecaaase several 

neutron- a c t i v a t i s n  product n u c l i d e s  were i d e n t i  f i e d  as  impor tan t  

to OCRWX appl ica t ions ,  codes without t h e  a b i l i t y  to calciil ate 

these nucP ides were e l i m i n a t e d  from f u r t h e r  considerat i an. Y7rit2 

EPRI-CINDEg code VIS reject& on this basis :  even though it is 

w i d e l y  u s e d  i n  t h e  d o m e s t i c  r e z c t o r  i n d i i s t r y .  

[Neut ron-ac t iva t ion  ptrodiiets are  primarily i n  t h e  reactor c o n t r o l  

rads and s k r u e t u r a l  componen'ir; ( ra ther  i'rIaiY t h e  f u e l )  and sze  o f  

m i n i m a l .  i m p o r t a n c e  to cal cu1  akiojns c o n c e r n i n g  reactor 

operatioIis - ] 

at is both i n e f f i c i e n t  and  unnecessa ry  t u  develop (enkidrice, 

documenat, inaintaifi quality assur.arr,czJ e tc  - ) Lws codes , nalglri y ,  
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OBIGEN-S, ts perform the same functions f o r  

e The reason f o r  i n e f f i c i e n c y  is obvious: more work is 

required to briaa t w o  codes up to acceptable stan ards than one 

code, It also is unnecessary to evelop these t w o  codes because 

k h c  similarities between them are much reater than their 

differences* 'I['he;y both use the same mathematical s c ~ h u t i o n  

techniques and produce? the same output tables (th? few exceptions 

axe discussed below) * Both w i l l  accept nuclide cross sect*ions 

m a t  result from sop istieaited physics calculations to determine 
rea~k~r-~pecific CX"OSS sections at ~ X ~ X X ~ ~ . O K I  time, w h i ~ h  pravides 

flexibility, b r i t  introduces carnplsxity and uniccrtainty as tcs the 

accuracy of the results. The crmss sectisims used i n  CXKGEN~ were 

calculated beforehand f o r  B1typica ldB reactor models usin 

n e u t r a n i c a l l y  an spatially sophisticated physics calculations; 
these reduce cQmplexity and u n c e r t a i n t y  t c a  the user, b u t  do not 

provide t h e  flexibility of execution-time physics ca lcu la t - i sns  (I 

i t i o n a l l y  I there are other less significant differences 

e cC3des, such 98 t h e  fact t h a t  -s has f l e x i b l e  

phakon group stx-uctures a d. provides the energy di strib1.1t.ion of 

spontaneous f i  a s i o n  and alpha-neutron .tmeutrorss in a f l e x i b l e  

skruct.eax-e, There are, a4r' course, differences I n  the way 
the i n p u t  infcsmzation is specified, although the substantive 

requi renunents arc the same" 

1% is rcco1xmended that t h e  best  features s f  both csdes be 

consolidated i n t o  a adified and enhanced version of QRIGEN. 
T h i s  enhanced ORIGEN version could be designe fo r  incorporation 

into a modular system such as SCALE, as well as f o r  independent 
use rn  Consolidation sf t he  ClRIGEN vers ions  would el iminate  t h e  

B 3 A - v ~ - B a #  ques t i rans  that are always raised when mare than m e  code 

usad €@E" a given application, Reconlniendations 

ccancersning t h e  type  of modifications neede o u k d  be p a r t  of the 
w i d e r  recommendations for  a madular code. sys tem (nuclide 

iravantoary, shielding, c r i t i c a l i t y ,  and heat t r a n s f e r  co 
suitable f n s  use by DOEiOC M O W e V e r ,  cursory examination 
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indicates that the modifications required to consolidate the t w o  

versions of ORTGEN shou1.d not be extensive. 

7 . 3  APPLICATION OF ENHANCED CODE 

The calculation of radionuclide characteristics of 

high-level waste w i l l  be an important aspect of the design and 

safe operation of waste disposal activities. Information will be 
needed f o r  radiation protection during transportation and 
storage, as well as f o r  operation of a geo';ogie repository. 
Calculation of heair. generat-ion will a l so  be needed for 

t r a n s p o r t a t i o n ,  storage,  and geologic isolation activities .I 
Licensing o f  a geologic r epos i to ry  a s r i l l  reqizire knowledge of the 
radionuclide con ten t  of waste over long t h e  periods. Aspects of 

these applications t ha t  are rrel.evant to code selection and 

enhancement are summarized belaw. 

Storage, transportation, and repository empPaceweirt of spent 

fuel waste probably w i l l  occur prim~riPy i n  the period 5 to 5 0  

years out-sf-reactor. Transportation regulations aard radiation 
protection standards have been established by DOT and NKC. 

K n o w l e d g e  of the gamma and neu t ron  f iePd outside shrkpping casks 

and/or containers wi 11. be needed to show compliance w i t h  these 

regulations. ReguPat-ions also limit the quantity o f  fissile 
material permitted in various type of packages, thus actinide- 
content data a l so  will be needed. S t i l l  other regulations l i m i t  

the surface temperature of shipping containers or casks,  so the 

decay heat a lso  must be modeled. Fcsr each type of data nccded, a 

few naclides tend to dominate the parametric value, and these 

nuel ides mast be calculated w i t h  acceptable accuracy by the 
enhanced code. The major nuclides contributing to the gamma dose 
or decay heat associated w i t h  shipments or short-term storage arc 

"Sr. 
goy, 1 3 4 ~ ~  I 737mga 1 0 5 ~ u ,  238pu, 2 4 4 ~ ~ ~  1 3 7 ~ 7 , ~  %44pr, 1543~1,  and 

These nuclides, with exception of the actinides Pu and Cm, 
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7-3.2 T al Pulse Effects A f t e r  Reglrositarv Closure 

fter w a s t e  @ ~ ~ ~ ~ ~ ~ ~ @ ~ %  

sitory (backfillin 
sha f t s ] ,  heat fro released and 
increase the re CI evaluate and model 

ermn% effects 
ecay heat w f perhaps up 

QCCUl%: in the first 3. ecause NRC waste package 
perfomance regulations may esse tially prohib i t  significant 

release of xadionuclli es from the waste packages i .n ts  the 
repository during this ~~~~~~~~~~t period, the greatest nuclide 

hasis for  the parrisd up to fO 0 years a f t e r  clasure 

eat.. At sharter  times ( f o r  exam le, 100 years 
aut-of-reactor 83" skxsrtl. a f t e r  empl aeemewt and r epos i t a ry  

Q P U ,  and are the main S O U r C e S  of heat.  

A t  Israge-9 times ( fo r  example, 1.00 ears out-of-reactor or 900 

f'iSSiC3n pKOdUCtS S a, and t h e  

years a f t e r  repository closure), principal heat-generating 

elides are 2 4 0 ~ ~  an 

s regulate t 0-year cumulative release of 
ioactivity from a repository to the aecessi. 1@ environment on 

releases Prom the engineered f a c i l i t y  te the geoleigic site in 
a nueIide-by-nuc%i RC rules restrict t f a e  radioactivity 

terms of a f r a c t i o n  (10-5) 0s t h e  calculated l000-year inventory 
of each nuclide in the repos i tory .  T ese overlappin regulations 

year period important for t ietiora of satisfactory 
make calculation sf nuclide content over the 1 00- t Q  10,Q00- 
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repository performance. Prior to issuance of licenses by NRC, 

such release calculations m u s t  be completed to s h o w  "rcasonable 

a s Sl.1 ra Re e H of e x p e c t e d  repository caapliance ~ i k h  t h e  

r e g u l a t i o n s .  Thus, use s f  the enhanced code must be acceptable 

f a r  n u c l i d e  decay times as g r e a t  as 10,000 years, Careful 

vak ida t i sn  af the code f u r  the mast i m p o r t a n t  nuclides over this 

r e l a t i v e l y  long tixe period w i l l  $e important. Nuclides with 

shor t  half-l  ives ( i .e . ,  most f i s s i o n  products)  w i l l  have decayed 

dur ing  the 1000-year can ta inmrn t  period and, thereforer actinides 

and long-lived neutron activation grcr?.ducts are the most important 
nucl ides f o r  msdeling release "io .the environment  - Tim publ ;.shed 

s t u d  P e s i dent i f i ed  the foil owing actinides as t h e  must 

important: ~ ~ Q P u ,  239~1.1, 241~m: and 2 4 3 ~ 3 1 .  of tl-ie ~ s e u t r o n  

activation pasc~ucts,  5%i was the most significant. 

8 REFERENCES 

Alexander 1987. D. Alexander, Office o f  Geologic Repositories, 

IJ .I s . Department  sf EneaTQy, L e t t e r  ts s .  s .  Perkins, Waste 

Management Branch, u . s . Departraent o f  Energy, O a k  R i d g e  

o p r a t i c m s  Of f i ce ,  dated J a n .  2'9, 1987. 

Bell 1973. M. 5 .  Bell, Q.RX3EN - The-.-:~pRRlf Isotope Generation and 

Denlet- Code, OWL-4628,  Oak Ridge National Laboratory, Oak 

Ridge; Tenn., 1973. 



39 

Bish et. al. 19 
an I E, Brsxtcml 

-- of Yucca ~ o u ~ ~ ~ ~ n  and the Secondam-Phase Thermal. Stability in 
- I  Tuffs LA-932P-MS, s Alamos ationin1 Laboratory, L o s  APamos, 

3L982n 

Bosler et al. I 2. G. E. BasSer et al., Production of Actinide 
Isotages in Simulated PWR Fuel and Their Influence on Inherent 
Neut ron  Emission, Lw-9343, Los Alamss ationaP Laboratory, L o s  

Alarnos  ,- .*  1982. 
Burstall 1979 (I R. F. Burstall, FPSPIM, A Cam~uter Code for  

Nuclide Inventory Calculations, ~ ~ - ~ - ~ 2 ~ ~ ~ ~ ,  United Kingdom 
A t o m i c  Energy Authorit 

@erne et al. 1987. s.  I?. @erne, 0, . Hermann, a E l d  R” M. 

estfall, Reaciivitv and Xsotspic C o m x m s i t i s n  ~f S w n t  ~ u e l  as a 
- Function o f  I n i t i a l  Enrichrneni, 3urnup. and Coolina Time, 

R i d g e  Nat ional  Laboratory, 

Croff I980 d A. G .  Croff, A User‘s Manual €or -gt. BRIGEN2 
Computer Coded I;/TM-7’175, Oak Ridge National Laboratory, Oak 

e, Tenn, I 19 

Croff h9$1 . ,  A. G. C r o f f ,  OWGEM2 - A Revised and Updated Version 
I- of the Oak R i d g e  Isotope Generation and DeDletion Code, 

NL-6521, Oak Ridge National Laborator ak Ridge, Tenn., 
1981. 

Croff 1983. A. G, C r o f f ,  ~~~~~~~~2~ A Versatile Computer Code 
fa r  Calculating the Nuclide @ampasitions and Characteristics of 
~uelear Materials, J R  Haclear Technolssv G, 335, 1983 





41 

Fischer and Wiese X98J. I Fisc l r e r  and W. W. Wiese, Irnmxved and 
Consistent Determination of the Nuclear Inventory of Spent PWfl 

Fuel on t h e  B a s i s  of Cell-Burnup Methods Usinq KQRIGEN, 
QRNL-tr-5843 (Kfk-3814), 1983. 

Ford et aX. 1980. W, E, Ford, 1x1, et aP., FCXSEC: Multiuroup 
eross-Section__5ibraries f o r  Nuclear Fuel Cycle S h i e l d h q  

Calculations, ORNL/TM-7038, Oak Ridge National. laboratory, 1988. 

Gronef ie ld  1 74. G. Gronefield, me Decay H e a t  Production by 
Fission Products and Actinides of the SNR 3JOJf OX-79-241, 

INTERATOM, Federal Republic of Germany, 1976. 

Gumprecht 1968. R. 0, Gumprecht, 
I Code R I B D ,  DUN-4136, Douglas-United Nuclear, Inc., 1958. 

Hermann and Westfall 1984, 0 .  W, Hermann and R. M .  Westfall, 
q80RIGEN-S: Scale System Module to Calculate Fuel Depletion, 
Actinide Transmutation, Fission Product Buildup and Decay, and 

RadJ.ahion S Q U ~ C ~  Terms ,@# as described i n  Sect. F7 of 

Scale: A Modular Code~--Svstern for Performinq Standardized 
computer Analyses f o r  Licensing Evaluation, Vol. 1-3 ., 
NUREG/CR-Q200 (ORNL/NUREG/CSD-2), Oak Ridge National Laboratory, 
Oak. Ridge, Tenn., 19380, (Revision 1 issued 1982; Revision 2 

issued 1983; Revision 3 issued 1984). 

Hermann et al. 1989. 0. W. Hermamn, C. V. Parks, J. W. Roddy, W- 
B, Wilson, R.  C. Ashline, R., J. LaBaure, and J. P, Renier, 
Multicode Comparison of -Selected Source T e r m  Computer Codes, 
ORNL/CSD/TM-251, Oak Ridge National Laboratory, Oak Ridge, 

Tenn.,  1989. 

Kerrisk 1985. J. F. Kerrisk, An A s s e s s m e i l t _ _ o f  the Important 
Radionuclides in Nuclear WasteI LA-10414-MS, L o s  Alamos Nationah 
Laboratory, L o s  Alamas, N.N., 1985. 





4 3  

. 

activities G.3 

P r o d u c t s ,  CEA 

Cente r  at oak Ridge National Laboratory as @@C-285. 



4 4  

Worley et al. 1986. B. A. kJorley, R.  Q. Wright, F. G. p i n ,  and 

'rJ. V. Harps-, "Application of an Automated procedure f o r  adding 
Comprehensive Sensitivity Calculational Capability to the ORIGEN2 

P o i n t  Depletion and Radioactive Decay Code,pw NueP. Sgi. Enq. 94, 

180-971, (1986). 



F 

s Y: 

spent fuel concentrations o f  a large n 

their associated ecay heat rates and photan spectra and neutron 

emission rates at specifle irradiation and csasaling tinesm 

Ctther concentration u n i t s  are  gram-atsms, pranns p caaries f 

I toxicity (air and water), total anma e m i s s i o n  rates in 
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1. 

2 .  

3 .  

Nuclides in the ORIGEN2 transition libraries incgude '700 

zctivstion p r o d u c t s  (c lad  and l i g h t  elements), 132 

a c t i n i d e s ,  and R140 fission products* 



4. The number of reactor t pe/fue9 type  libraries is 3.4. 

5 -  The code also may be compile aller-size transition 
libraries. 

6. Burnup-dependent cross sec t ions  are included w i t h i n  each 

reactor and Euel ty There is no 

for  reactor where either the burntap 

~~~~~~~~ ox' t h e  fuel. ~~~~~~~~~~~ 03- 

E! u n i t  cell.) does not correspond 
to on€? o f  the spe reactor designs, Howsvex nQbv 

grsics analyses ma erfomed to produce such 

libraries, 

i -  - f o r  M ntaclides, 
j =I 

where ~i is dlji(.t)/dt. ( the  rate sf change of i)# and "ij i s  the 
transition rate constant f a r  producing i from " 3 .  or, cas t ing  

the balance e u a t i a n s  in matrix 

where g is the vector A is the matrdx of 

elements a i j  

The  solution ta this equat ion is 
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2 .  

3 .  

4 .  

5 .  

predicting nuclide csncentratians sf discharged fuel far 

typical reactor operating conditions a$: vamrisi?as 

current reactor types; 

p r s j  ectin the. camposition and characteristics af 

radioactive w a s t e ;  

f u e l  materia% compositions in reprace:?ssing g 

separation, or waste treatment. p l a n t s ;  

predicting decay eat 0s spent fuel for stcxage faci l i t i .es ,  

reprocessing lants f and waste repositarj-es ; and 

calculating the radionuclide source composition % e r m s  a€ a 
specified process or facility far  r i s k  assessments, u s ing  

given released element f ract ions.  

FUTURE DEVELB 

New exten rad sther (typical) reactor librFkries 

ng multidimensionaP reactor p h y s i c s  

e system at WNL) * ORIGEN2 h a s  been 

Documentation and final testi:ng is 
required prior ta dissemination tbre 

I N P U T  DATA E1 

Reactor (fuel) ty e 0EirIc"ENfcl libraries 

ecay l i b r a r y  

er photon data base 
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POE??Y OF OUTPUT: 

GRAPHIC OUTPUT : 

T h c  code normally uses  175 LO 5 7 6  kU o f  core, the exac t  ileoci 

varying with  the l i b r a r i c s  used. Ti; f-squires unit Nas. ' 7 ,  12, 

1 3 ;  15, and 1 6  w h e n  op t iona l  output. (of various types) is 

requested. U s u a  I1  y t h m e  data s~ts are small. 
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PROGRAN AVAILABILITY: 

The ORIGEN2 code and associated libraries are  packaged by 

R S I C  as CCC-371. Requests f o r  the ORIGEN2 code and libraries can 
be mailed to: 

Radiation Shi.el.ding Enforination C e n t e r  

Oak Ridge National Laboratory 

P. 0. Box 2 0 0 8 - 6 3 6 2  

Oak Ridge, TN 37831 

or telephone: 
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~ ~ ~ 2 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  developed by: 
Nuclear En eer ing  Applications Department 

Telecommunications Division 

O a k  Ridge Mati~nal Laboratory 

arietta Ener Systems, Inc. 
e, Tennessee 

-S performs paint deple t ion  and decay analyses to 

obtain isotopic concentrations, decay heat source terms, and 

i a t i o n  source spectra and strengths for use in subsequent 
system analyses, QRIGEN-S is an update version of the o r i g i n a l  

flexible ~ ~ ~ e ~ ~ i o n ~ n ~  and free-fom i npu t  

processing,  he main transition model in RIGEN-S is essentially 
e same as t e one developed far  the original QRIGEN code, The 

objectives in devdoping ORPGEM-S was to enable one to 
utilize multi-e ergy-group neutron flux an s=rz?~ss sea=.tions in any 
roup structure in the calculations. Utilization of the 

data is auto ated v i a  the COUPLE code. 

R1GEN-S code computes time-dependent photon an 

source spectra in any re ested energy group s t r u c t u r e  These 
spectra are deternine from the point depletion an 

calculation of concentrations of a Large number of nuclides and 
their energy-dependent emission rate data for  photons and both 
(a,ra) reaction and spontaneous fission neutrons, 

-S may be run in ;?I stand-alone mode or as one of the 
six codes applied in the execution of the SAS2 control module 



with in  the SCALE: computational sys t em.   he S W S ~  c o n t r s l  module, 

which consists of two analytic seqkaeilees called SAS2 and= SWS2H, 

allows different models fo r  the assembly lattice.  he con t ro l  

module calls SCALE functional modules in the proper sequence to 
(1) process resoplance cmss sections (BQNANI-S, NITAWL-S), ( 2 )  

compute the neut ron  flux spectrum i n  an  infinite lattice 

representat ion of a f u e l  assembly and collapse a multigroup set  

of cross s e c t i o n s  to three groups  (XSD~WFM-S),  ( 3 )  update an 

oW1:GEN-S nuclear data l i b r a r y  using the collapsed cross sections 
and modify T H E W ,  R E S ,  and FAST based on the hurnup-dependent 

f l u x  (COUPLE), and (4) perfomn a depletion calculation using the 
updated nuc lea r  data (OWIGEN-S). I t  can repeat steps 1 through 4 

as many t h e s  as requested d u r h g  si .mu3ation of the operating 

h i s t o r y  of a fuel. assembly.. The shielding analysis por t ion  of 

t h e  sequence w i l l  no% be discussed here. The secpesncc can be 

easi-ly halted a f t e r  the dep le t ion  analysis is performed and l a t e r  

sestarteG to p e r f o m  a shielding analysis. 

M A I N  PREDICTED VARIABLES: 

 he code predic t s  spent f u e l  densities a f  

numerous i n d i v i d u a l  nuclides and t h e i r  associated decay heat 

rates and photon and neutron source spectra at- specified 

i r r a d i a t i o n  and coaling times. 

OTHER PREDICTED VARIABLES: 

ORTGEN-S : The software estimates gram-atoms, gmi-ms J 

curies, gamma W, total W, fractional neutron absorption rates, 

t o x i c i t y  (air and water), total gamma emission ra tes  in phatc>ais/s 

and #eV/W, and ( (Y I n) r e a c t i s n  and spontancous fission total 
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neutron emission rates for nuclides, elements, and/or totals. 
~lso, continuous feed an removal rates may be used, and the 
amounts following fractional reprocessing separations may be 
computed a 

EQUATION SOLVE 

SAS2 (M) : Effective burnup-dependent cross sections of 
significant nuclides are calculated, together with the 
lattice-cell flux spectrum, via a one-dimensional solution to the 
Baltzmaran transport equation. The Nordheirn Integral Treatment 
and Bondarenko Factor Method are available to account f o r  

resonance self-shielding. 

ORIGEN-S : Primarily, the following matrix equation is 
applied : 

where 

I M = the vector of N i  atom concentrations, 
A =z the transition matrix of rate constants a i j  for 

t = time. 
producing Ni from "3, 

AS a supplement, when a i j t  is excessive, a computation by 
the Bateman equation is used. 

19 LIMITATIONS: 

I. The S A i s Z ( H )  control module. is des igned  to provide 
burnup-dependent cross-section libraries and flux spectral 



2 .  

3. 

4. 

5 .  

6 .  

7 .  

data based an an infinite lat.tiee-ce81 model of a fuel 
assembly. However, the n u c l e a r  data  used by OWBGEN-S is not 
restricted to t h a t  produced and updated by SAS2. 

The f i  ssion-product yield data in t h e  OR~CEN-S 1 ibraries is 
currently ENDF,!IB-IV. It should be updated to ENDF/B-V. 

The COUPLE program i s  a v a i l a b l e  to easily update any nuclear 

d a t a  value on an ORPGEU-% binary library. 

Depletion energy groups: flexible dimensioning pennits any 

s i z e  f o r  the gamma and neutrsn energy groups o f  t h e  input 

l i b r a r i e s .  The multigroup n e u t r o n  l ib rar ies  i s sued  with 

SCALE:, are easily selected by keywords.. 

T h e  number of nuclides ( o r  e l e m e n t s / m i x t u r e s )  in 
cross-section l i b r a r i e s  is 249. 

Nuclides i n  QRTGEN-S incl.ude 687 activation products (clad 

and 1.iqht eleriuents) 101 actinides, and 821 fission 
products - 

The number o f  nuclides in ORNL Master Photon Data Base 

(y-line, X-ray, bremss t r ah lung ,  e$@.. 1 is 4 2 9  

ANALYTICAL XETHOD : 

sas2 ("11) : The Set.S Of CQdeS, BOMAMI-S, NITAWL-§, anS 

--s, are repeatedly invoked by t he  d r i v e r  a t  "Lie request of 

SAS2.  These codes produce a am-d imens iona l  discrete o r d h a k e s  
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solution to the ~oltzmann neutron transport equation, weighting 
cross sections for the fuel region of the unit cell describing 
the reactor fuel rods. SAS2 uses these codes to produce 

libraries input to ORIGEN-S,  which in %urn depletes and generates 
isotopes to their densities at the time required in the 
neutronics calculation producing the next library. Once the 
reactor irradiation period is completed, ORIGEN-S calculates the 
decay of the fuel, clad, and other light elements to a given 

cooling time and computes the gamma-ray and neutron energy 
spectra. (See this topic under ORIGEN2 for analytical method 
common to ORIGEN-S and ORIGEN2.) 

In addition to nuclide output in various units, ORIGEN-S 
computes both gamma-ray spectra and neutron spectra produced from 
spontaneous fission and (a,n) reactions. The photon spectra may 
include the total from all nuclides or may be broken into light 
elements, actinides, and f i s s i o n  products. Either the built-in 

energy group structure far photon spectra may be used or it may 
be input by the user. The neutron energy group struc:ture may be 
input or taken from a specified SCALE library. The nuclide ( a , n )  

reaction intensities and total neutron spectrum may be computed 
for the UO2 medium. The in-house version of ORIGEN-S (not yet 
publicly distributed) allows the (cyln) spectrum to be computed 
f o r  borosilicate glass or for almost any medium. 

OTHER APPROPRIATE USES: 

1. predicting nuclide Concentrations of discharge.d fuel for 
typical reactor designs and operating conditions of various 
current reactor types; 

2, predicting nuclide concentrations of discharged f u e l ,  where 
the design and operating conditions are  significantly 
different from that of the generic or typical reactor or  

where a completely new reactor design is being evaluated; 



58  

3 ,  

4.  

5 . 

6 .  

7 .  

8. 

p r o j  ecti ny the composition and cha rac t e r i s t i c s  of 

r a d i o a c t i v e  wa:l;tes; 

determining fuel z a t e r i a l  csn~ssi i  trions i n  reprocessing, 

separation, or waste t r e a t n e n t  p l a n t s ;  

predicting and t a b u l a t i n q  t a b l e s  sf decay heat  o f  spent f u r l  

for storage f ac i l i t i e s ,  reprocessing p l a n t s ,  and waste 

r e p o s i t o r i e s ;  

coxnputinq either ins tan taneous  or t i r w  i n t e g r a l  s c f  f i s s ion  

product a c ’ i i v i t y  C Y  energy- per fission of a given 

f i s s i o n a b l e  i sotope:  

calculating the radionuclide source composition, t e r m s  of a 

specified process, or f a c i l i t y  for r i s k  assessments, us ing  

given released e l e m e n t  fractions; and 

determining, by SAS2(IH) ,  the criticality burnup credit  a€ 

fuel in t e r m s  of both the  significant rzucl ids  densities and 

t h e  nultiplicatian c ~ n s t a n t ,  &, as a function o f  i n i t i a l  

enrichment , burnup, and cooling t i me * 

FUTURE DEVELOPMENT : 

S i g n i f i c a n t  en?iancanaetats have recently been made t o  t h e  SAS2 

and ORICEN-S programs available in-house at OHNL. These 

enhancements are descr ibed b r i e f l y  belaw. Plans c a l l  f a r  ‘chest? 

developments 930 be implemented and docunrlelnted as p a r t  OK tlnc 

distributed code package in t h e  n e a r  f u t u r e -  Easy-to-use i npu t  

s p e c i f i c a t i o n s  alsrz need t o  bc formed €01- SAS2FI. 

SAS2PE Contra1 Module: While %AS2 accounts f o r  t h e  basic 

Eueb  rod lattice of the reactor fuel element, SAS2H extends the 

model t o  inc lude  ba th  fuel.  p i n s  and other types  o f  pins or 
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pes may be 

contained .in con t ro l  rad 

assemblies, 

e general procedure Pied by SAS2, W i t h  one major 
exception, is use e difference is i.n the prfpduction 

of the burnup- raries. There are t w o  par t s  to the 
cross-section calculation in place of the one done by 5x32. 

F i r s t + ?  the unit cell the fue l  rso s ,  as f o r  SAS2, is 

ssd by the aeeatranics en, a second ( l a x -  er) anx l i t  cell. 

as a guide- @hGl e r g  region surrounded 
fuel. region in the volumetric fuel-to-bole regi0n r a t i o  ecpaPing  

the ratio of fuel PO s to c o n t r o l  rads in the assembly. The 

egasities and ceL1-weighted cross sections sf the 

cad is used with a corresponding 
e in the cell description f o r  bairnable poison, orifice, or 

any ot"ner type of assembly. h i s  method a@eaua.a"i*s for 231% af the 
eratar and other materials that could. not be included as 

first ~~~~~~~~~Q~ are used in the fuel re 

roperly in the SA52 metho The remainin decay and s h i e l d i n  

analysis is i e n t i c a a  to that use 

-s: The (a,n) s;ource of neutrons from high-level 

ioactive waste can si nificantly increase when the waste 

(besides 1 7 0  or "0) fo r  the high-energy alphas. The in-house 

contains Barge qknantitie of light element t a rge t  materials 

version of ORXLGEN-S at 0 een updated to compute neu t ron  

i n t e n s i t i e s  f o r  (a I n )  reac t ions  on the 'k ight elements I E J ~  through 

alpha p a r t i d e s  by all elements is computed as a fuaaetisn o f  

waste vitrified in mediums s u c  as borosilicate glass ,  

s i ,  i n c l u s i v e ,  The effect of  the weighted stopping powers sE 

nuclide conce $rations This enhancement is very important f s w  
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A s  a control mcpdule in the SCALE system sf codes, SA%2(H) 

invokes t h e  following codes: BOMhYH-S, NITAWL-S I XSDRNPM-S, 

COUPLE, O R I S E N - S ,  and XSDBSE. 

sasz (H) : 
SCALE mastear cross-section libraries 

OgI%GEN-S nuclear data b ina ry  l i b ra r i e s  

O W L  m a s t e r  photon data  base 

P r i n t e d  ou tpu t  only from all of these codes. H o w e v e r ,  

oiatput saved in a b ina ry  data set. may be plotted with  PLORIGEN. 

U s i l n g  the PLORTGEN code, eancentrati on5 i n  14 different 

u n i t =  rmy be p l o t t e d  against t h e  (6 different units) f a r  

s;@lr-.&;e.;”, ox- principal c o n t r i b u t i n g  nuclides or elements- Case 

comparisons may be p lo t t ed .  Also, the gamma-ray or neu t r s i i  

s p u c t w a  may be plotted. 
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s t h  the care s i z e  and number and s i z e  of data  sets are 
-dependent. The 3c/8 requirements f o r  SAS2 may be seen in 

t h e  dscumemt. an each code. A su ary of the d i s k  space required 

f o r  SEIS2 is given in the SAS2 document. 

1 :  600 to 1000 kB, range of core size 

RZGEN-S:: 250 to 58 kB, core s i z e  dependent on L i  

time s teps ,  etc. I used, u i r e s  unit Nos* 11 and 13 (small 

sizes) as scratch units and unit 0 ,  71 (small s i z e )  $8 

SbV@ results. 

SAS2/SASZH (ISM 3 0 3 3  CPU time): 
reatly with cases and options such as resonances 
rgence criteria, total energy groups, mesh 
number of i~radiation c Note that the 

ation passes thro the set sf codes in SAS2 

of cycles plus one.  he range of typical. CPU 

tion pass is 2 - 5  to 3 - 5  min. out 9 anin per 

irradiation pass is added far SAS2IQ. 

ORIGEN-S : 
Uses 1.5 t o  2 CPU seconds (IB 3 % )  per ti 

average (dependent on output u n i t s  requested) a 
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