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Kernenerqie - Sicherheit

Es werden Ergebnisse von Untersu-
chungen zur Bestimlnung radiologischer
Freisetzungen in die Umwelt bei schwe-
ren Stiirf?illen im Hinblick auf verschie-
dene Folgen au8erhalb des Anlagen-
standorts behandelt. Neben der Freiset-
zung von Jod erweisen sich Freisetzun-
gen von Tellur, Barium, Cer, C6sium.
Curium, Lanthan, Molybdiin. Niob, plu-
tonium, Ruthen, Strontium, Yttrium und
(radioaktivem) Zirkon, unter der Annah-
me einer gleich starken und vollstiindigen
Freisetzung dieser Nuklide, als wichtig
irn Hinblick auf gesundheitliche Folgen
mit friiher Todesfolge. Beriicksichrigt
man allerdings die Bedingungen, unter
denen Spaltprodukte freigesetzt werden,
spielen nur die Nuklide Jod, Cdsiurn,
Tellur und, in untergeordnetem MaBe,
Molybdiin, Strontium und Barium eine
Rolle, da quantitativ bedeutsarne Freiset*
zungen anderer Nuklide nicht zu erwar-
ten sind. Fiir latente Auswirkungen auf
die Gesundheit wird nachgewiesen, dass
die Americium-, Ciisium-, Cobalt-. Curi-
um- und Plutoniumnuklide eine Rolle
spielen, sofern eine gleich starke, voll-
stiindige Freisetzung vorausgesetzt wird.
Auch hier sind bei schweren Sttirf;illen
groBe Freisetzungen dieser Nuklide, aus-
genommen Cdsium, nicht zu envarten.
Deshalb bleibt Ciisium eines der Nuklide,
deren Bedeutung bei den Langzeitwir-
kungen schwerer Storfiille von groBter
Bedeutung ist. Edelgase erweisen siclr als
unbedeutend. Im Bericht werden auch
die verschiedenen Folgen unterschiedli-
cher Definitionen des Begriffs ,,grolje
Freisetzung" auf Grund der Ergebnisse
von probabilistischen Sicherheitsanaly-
sen der Stufe 2 flir typische Leichnvasser-
reaktoren behandelt. Es zeigt sich, dass
die Definition von auf der Grundlage von
latenten Effekten beruhenden Alternativen
restriktiver ist als die auf der Grundlage
von Friihfolgen beruhende. Fi.ir groBe Re-
aktoren sind die auf der Basis von einfa-
chen Freisetzungsschwellen definierten
Altemativen im Allgemeinen weniger
vieldeutig und leichter zu bestimmen, um-
zusetzen und zu verifizieren.
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1. Introduction

A spectrum of fission products of vary-
ing chenrical and isotopic composition are
expected to be produced inside the fuel dur-
ing the operation of Light Water Reactors
(LWRs). J'hese fission products are exces-
sively "neulron 

rich," that is, tlrey contain too
many neutrons to be stable; therefore, they
decay rvith emission of one or lnore nesative
B-rays, while a large proportion of the ia<tio-
active llssion products also ernit y-rays. In
adclition to a large nurnber of fission prodLrct
nuclides, there are other radioactive proclucts
that result frorn activation of reactor control
and structural material, and frorl transfonna-
tion of firel into otlier actinides.

The radiation associated with fission and
activation procluct decay, particularly the
y-rays, present serious biological hazard, and
if they are released from the fuel and trans-
pofted to the environment, they would have
significant health and environlnental conse-
quences.

The risk associated with severe core
darnage accidents in LWRs is typically donri-
natcd by accidents involving large radiologi-
cal releases due to containment bypass or
failure, some time during the accident.
Therefore, the present approach to implemen-
tation of a risk infonned nuclear regulatory
frameu,ork in a number of countries requires
a comparison of the various planrspecific
risk measures (and changes in these risk mea-
sures) with appropriate goals, objectives
and/or thresholds for regulatory actions.

Sonre of the commonly reported risk
measures include:
*  Risk of  core darnage
- Risk of radiological releases
-  R isk  o f  ea r l y  fa ra l i t i es
* Risk of  latent  fata l i t ies
* Risk of radiation exposure
- Economic r isk

Other risk measures that have been de-
fined include the likelihood of containment
failure, the frequency of large radiological re-
leases, the risk of ground contamination, and

thc risk of injurics rcsulting lrorn exposure to
radiation.

The concept of Core Damage Fre-
quency (CDF) and Large Early Release Fre-
quency (LERF) has been considered as suit-
able metrics for use in risk-infonned regula-
tory decisions /l/. However. the definition
of "lttge 

relea.se " and the associated time
of release relative to reactor shutdown and
core damage (i. e., early and/or late) have
irnplications that have not been reported.

Di f f lcul t ies exist  in def in ing , , lurge, ,

release frequencies, since there are a spec-
trum of fission product releases that are esti-
nrated as likely to occur following severe
accidents, r.vith their expected release quan-
tit ies ranging over several orders of rnagni-
tude and occurring at various times follow-
ing accident initiation.

The objectives of the present paper are
two fold: (l) to present an updated study
that shows the significance of radionuclides
than can potentially release following severe
accidents in tenns of off-site consequences,
and (2) to analyze the potential implications
of using different definition of "large 

re-
lease" based on results ol' level-2 probabil-

istic Safety Assessments (PSAs) for typical
Boiling Water Reactors (BWRs) and pres-

surized Water Reactors (PWRs) with differ-
ent plant site characteristics.

2. lmportance of Severe Accident
Radiological Releases

Following severe reactor accidents, po-
tentially large quantities of fission prod-
ucts, actinides and light nuclide activation
products could be released to the environ-
ment. The potential importance to human
heath effects from release of a radioactive
nuclide is dependent on the following factors:
l .  The abundance of  radionucl ide in the
reactor at the time of the accident.
2. The half-l ife of radionuclide,
3. The fraction of the inventory of the ra-
dionuclide that is released. and
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4. The radiological health consequences
of the radionuclide, including any proge-
nies (daughter nuclides) alter release from
the fuel inside the reactor.

Various studics have been conclucted to
determine the relative importance of radioac-
tive nuclides in a reactor core lo the offsite
consequences, including WASH- | 400. These
stuclies have identified iodine and telluriuni
radioisotopes to be the most irnpofiant iu
terms of their early health effects (i. e., early
fatalities and early injuries) and the cesiurn
radioisotopes as the most important with re-
spect to their long-term effects (i. e., latent
cancer fatalit ies, ground contamination, and
economic losses). These conclusions were
driven by the assumption of relatively large
release fractions for these nuclides. A study
12, 3l dunng the early development of the
MACCS computer cotle l4l concluded that
other nuclides such as lanthanutr, neptll-
niurn, and radioactive zirconium could be as
important to early effects as those of iodine
and te l lur ium nucl ides 12,31.  For the long-
tenn effects, the list included, in addition to
cesium, ruthenium, curium, plutonium, and
ceiunt 12-31.

The various modeling changes to the
MACCS2 code has put into question the va-
lidity of some of the conclusions in Refer-
ence l2l. Therefore, as part of the present
study, a new evaluation of the relative impor-
tance of the various released radionuclides as
a result of severe accidents, has been under-
taken as discussed below.

In developing the relative importance
of the various released radionuclides follow-
ing severe accidents. the MACCS Version

2.12,  or  MACCS2, /4/  computer code has
been used assuming:
- An end of cycle core inventory for a
3 578 MW (t) BWR that is scalcd to the
therrnal power of 2 952 MW (t) for tl,e pres-
ent reference nuclear power plant.
- A selected list of 60 isotopes that is in-
cluded in the MACCS2 computer code that
encompasses 25 nuclides.
- One hundred percent release for each of
the 25 nr.rclides has been considered.
* A non-buoyant release for each nuclide at
the ground level (i. e., the plurne thennal en-
ergy was assumed to be zero).
- The human health consequenccs from
nuclides released include contributions frorn
daughter products as modeled in MACCS2.
- A unifonn release of each nuclidc one
hour a l icr  accident  in i t iat ion.
- A dry deposition velocity of 0.01 rrVs for
all nucliclcs, cxcept noble gases.
- Bin sampling of one full year of site-spe-
cific meteorology data.
- Radiation protection factors associatcd
with normal activities (0.75 cloud shine,
0.45 ground shine, and 1.0 for inhalation).
- No credit to emergency protective ac-
tions, and the early dose is calculated for 24
hours of exposures to the contarninated land.
- No credit to long-term protective actions,
and the long-term dose decay only by
weathering (i. e., no credit to decontarnina-
tion and relocation).
- Long-term exposures begin seven days af-
ter deposition and persist for the firll dura-
t ion of  contaminat iorr .

The exposure pathways that have been
considcred includc ground shine ( i .  e. ,  cxpo-
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sure due to proximity to radioactive material
dcposited on the grouncl), cloud sli ine (i. e.,
exposure due to immersion in a cloud of ra-
dioactive rnaterial) ancl inhalation (i. e., expo-
sure due to breathing contaminated air) tbr
early exposllre, and grouncl shine,
resuspension and inhalation, for long-temr
exposure. It should be noted that, because of
the above assumptions, the estimated doses
that will be presented below arc not represen-
tative of any realistic accident scenario.

The selected radionuclide inventory for
a BWR plant operating at 3 578 MW (0 at
tlre tinre of accident is l istecl tn Ttthle.F. tne
selccted Iist of isotopes represenls a li'action
of the total isotopes that would be in tlie core
at the tirne of accident. These isotopes are
considercd risk-signil icaut, ancl arc a sutrclass
of the entirc core inventory. Using the
powcr-scaling factor of 0.825 (the ratio of the
present ref'ercnce plant thenual porver of
2 952 MW(t) to that of the MACCS2 stan-
dad BWR operating at 3 578 MW(t) in an
cquilibrium cycle), thc core invcntory for thc
reference plant can be calculated by multi-
plying the values listed in Tuble I by 0.825.

Using MACCS2 and the above as-
sumptions, the relative impofiance of the 25
nuclides (comprising of 60 isotopes) was de-
temrined for both the carly and the long-tenn
effects. For the early effects, whole body
closcs, early fatalities, bone uran'ow (rcd urar-
row) close and latent cancers were calculated.
For the long-tenn effects, the latent cancer
fatalities, and the long-term direct exposure
(ground sltine and resuspcnsiorr) wcrc calcu-
lated. Tuble.11 summarizes the results fbr the
aforcmcntionecl effbcts. It is clcar fi'unr this

Nuclide/lsotope(s) ' lsotooe abundance Nuc l i de lsotopes lsotope abundance Nuc l i de

Name Bq Grams Aq Grams Name Bq Grams Bq Gram

Americium. Am Am-241 2 9OE+14 2  3 1 E + 0 3 2 9E+14 3 1  E + 0 3 Neptunium, No Np-239 7 52E+ I I  84E+03 7.52E+19 8  8 4 E r  0 3
Antimony, sb __s_!:1?I_-

sb-129
3 . 0 8 E +  1 7 3 . 1 z E + O 1 1  . 3 8 E + 1 8 3 . 6 3 E + 0 1 Plutonrum, Pu Pu-238 5 . 2 3 E  + 5 8 . 3 1 E + 0 3 2 . 9 4 E + 1 7 8 . 5 6 E + 0 5
1  0 7 E + 1 8 5.  1 4E+00 Pu-239 1  3 2 8 + 5 . 7 5 E + 0 5

Barium, Ba _-??-i!_e--
Ba-140

6  6 2 E + 1 8 1 . 0 9 E r 0 1 1 . 3 1 E + 1 9 2.74E+03 Pu24O 1 . 6 6 E + |  9 5 E + 0 5

6 . 5 2 E +  1 B 2 . 4  1  E + 0 3 P r 2 4 1 2 . 8 6 E + 7 7.73E+O4

Cerium, ce _-99:ll_1
Ce-143-c; i;;

5 . 9 2 E + 1 8 5  7 1 E + 0 3 1 .55E+' t  9 3.84E+04 Praseodymium. Pr Pr- ' l43 5  6 4 E r 2  2 8 E + 0 3 5 . 6 4 E +  1 B 2 . 2 8 E + 0 3

5  7 6 E + 1 8 2.36E+02 Rhod ium.  Rh R h , 1 0 5 2.438+ A 7 . 8 2 E + 0 1 2 . 4 3 E +  1 8 7 . 8 2 E + 0 1

3 . 8 4 E + 1 8 3  2 4 E + 0 4 Rubr<l iurn,  Rb Rb-86 1 . 8 6 E +5 6 . 2 1 E - 0 1 1 EriE+ 1 5 6  2 1 E  0 1
cesium, cs __9::1-3_1_

Cs-136-C"ri37-
5 . 5 9 E + 1 7 1 .  1  6E+04 1 . 0 4 E + 1 8 1 . 1 6 E + 0 5 Ruthenium, Ru R u 03 4 . 8 8 8 + 8 4  1 2 E + 0 3 9 . 4 6 E +  l  I 1 .50E+0: l

1 . 5 0 E + 1 7 5  5 5 E + 0 1 R u 3  2 5 E + 8 1 . 3 1 E + 0 ' 1

3.35E+ 1 7 1 . 0 4 E + 0 5 R u 06 1 33E+ 8 1 . 0 9 E a 0 4

cobalt, co __99:!9___
C0-60

2.OZE+16 7 1 E + 0 1 4 . 4 4 E + 1 6 6 . 1 2 E + 0 2 Stront ium, Sr Sr-89 3  6 7 E I 3  4 2 E + 0 3 1  . 3 7 E +  1 9  |  5 . 3 7 E + 0 . 1

5  5 5 E + 1 8  |  z . a r e * o r

z  q z E r  t o 5 958r02 Sr-90 2 . 6 0 8 t 7 5 O2E+Q4

Curium, Cm _9y-4?_
Cm-244

7 . 6 7 E +  1 6 6.28E+02 8 . 0 8 E +  1 6 2.01E+03 Sr-91 4 . 7 7 E 8 3 . 5 8 E  + 0 1

4 . 1 4 E + 1  5 1 . 3 8 E + 0 3 Sr-92 5 . 0 0 E 8 1.04E+0'1

lodine, | _l-1ll-_-
t -132-l: i35--

- 
r-ia;--

TfuE--

3 428+18 7.7OE+02 3 . 0 2 E + 1 9 1 . 0 2 E + 0 3 Techne t i um,  Tc Tc-99rn 5  5 5 E + 2  8 3 E i 0 ' l

5 . 0 2 E +  1 8 1 . 3 6 E + 0 1 Tellurium, Te T e - 1 2 7 2 98E 7 3.108r00 7 . 0 5 E +  1 B 8 . 1  9 E + 0 2

7  1 7 E + 1 8 | 76E+O2 Te-127m 4 . 0 1 E + 1 6 1  1 5 E + 0 2

7  8 5 E r l B 7 86E+00 Te-129 1 00E I 1 . 2 9 E a 0 0

6 . 7 5 E + 1 8 5 . 2 1 E + 0 1 Te-1 29m 2 . 6 3 E 7 ? 37E+Q2

Kryplon, Kr _5r:_8_5____
Kr-85m- 
x,-iii----i;bs--

3 . 3 2 E r 1 6 2 30E+03 6 . 3 9 E +  1 8 2 . 3 1 E + 0 3 T e - 1  3 1  m 5.06E 7 1  . 7 1 8 a 0 1

2 1 E 1 B 3 . 9 9 E + 0 0 Te-1 32 4 948 I 4 . 4 5 E + 0 2

2 . 1 9 E + 1 8 2 . ' l  1 E a 0 0 Xenon. Xe Xe- 1 33 7 . 1 8 8 I I  0 2 E + 0 3 8 . 8 9 E +  1 8 1 . 0 4 E + 0 3

2 . 9 6 E +  1 8 6.38E+00 Xe-1 35 ' t .7 lE
I 1 . 7 8 E + 0 1

Lanthanum, La __L_1:

_11:
La -

t 4 0

i;i-
t ;T'

6  6 6 E + 1 8 3.21E+02 1  . 8 7 E +  1 9 3 . 3 3 E + 0 2 Yl t r iurn.  Y Y-90 2 78E 7 L 3 9 E + 0  1 1 .55E+ 1 I 4 . 9 2 E + 0 3
6 . 1  4 E i  1  8 4 89E-0.1 Y - 9 1 4 48E I 4 84E+03

5 . 9 2 E +  1 8 1 2 E + 0 1 Y-92 5.00E 8 1  4 1 E + 0 1

Molybdenum, Mo Mo-99 6  4 4 E + 1 8 3  6 3 E + 0 2 6 4 E 1 8 3 . 6 3 8 r 0 2 Y-93 5 70E t o 4  6 7 E + 0 1

Niobium. Nb Nb-95 5 . 5 8 E +  1  I 3 87E+03 5  5 8 E + 1 8 3  8 7 E + 0 3 Ztcontuln, Zt Zr95 5.90E + 1 8 7.59E+03 1 2 E r 1 9 7 . 6 8 E + 0 3

Neodymium, Nd Nd-147 2.528+18 8 . 4  1 E + 0 2 2 . 5 ? E + 1 8 8 . 4 1 E + 0 2 Z(-97 6 . 0 8 E + ' 1 8 I  6 5 E + 0 1

" I  hc isotopic  invcntor ics arc leproduccd l l -crnr  Nl ,J l t l : ( ) / ( ' t l -1161 /21

Tab. I. Selecterlratlionuc'lide inventont d'u 3 578 Mlttr(t) BIVR plunt ut the tinte of uc'cideti irtitiutiort

atw 50. Jg. (2005) t lel ' t  7 - Jul i A < 1
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Nuclides
Nuclide
inventory
(PBq)

Early Effects' Long-Term Etfects Total Latenl
Cancer
Falalities

Ear ly
Fata l i t ies

Latent Cancer

Fatal i t ies
Red Marrow
Dose (Sv)

Total Dose
(sv)

Latent Cancer
fatal i t ies

Direct Dose
(sv)

Ground Shine
Dose (Sv)

Americium. Am 2 39E-01 0.0 325 1 3400 7790 674 22300 9 3 . 5 999

Antinrony, Sb 1  . 1  4 E + 0 3 0 0 7 2 7 . 4 t 9 9 340 7 . 1 5 1 5 8 1 5 4 34.6

Barium, Ba 1 . 0 9 8 + 0 4 30 360 4730 5250 5 1  1 0 | 1 5000 r 15000 5470

Cedum. Ce 1 . 2 8 E + 0 4 6 9 . 1 1 2000 3730 92300 1 2600 162000 25AOO 24600

Cesium. Cs 8 . 6 1  E + 0 2 J . J O 1 6 4 2900 3 1 3 0 4s300 1020000 1010000 45464

Cobalt. Co 3.66E+01 0 1 3 8 383 2140 46900 4 6 1 0 0 2167

Cur ium, Cm 6 . 6 7 E + 0 1 34.6 9570 1 54000 1 42000 1 0400 275000 1 8 7 19970

lodine,  I 2 .498+04 4 6 . 3 398 3730 1 2300 203 4770 4420 601

Krypton, Kr 5.278+03 o.524 8.56 152 1 3 5 0 0 0 8.56

Lanthanum. La 1 . 5 4 E + 0 4 58.6 493 5760 8060 30.7 684 o t  I 523.7
Molvbdenum. Mo 5 . 3 1  E + 0 3 8 3 1 244 745 23 ' tO 2 4 . 8 588 5 8 1 268.8

Niobium, Nb 4.60E+03 23 .  I 286 2840 4650 4490 99400 98700 4776

Neodvmium. Nd 2 . 0 7 E + 0 3 0  1 8 9 143 209 1240 9 6 4 2200 2110 239.4

Neptunium. Np 6.20E+04 7 1  . 1 1  8 7 0 7870 16600 1 6 1 3440 2340 2031
Plutonium. Pu 2A3E+O2 3.53 21400 203000 232000 33400 692000 2650 54800

Praseodvmium. Pr 4.64+03 4 9 2 374 8 5 2770 4 8 . 3 1210 892 422.3
Rhodium. Rh 2.00e+3 7 658-05 2 1 1 9 6 0.219 4 . 9 3 4 8 8 21.22
Rubid ium. Rb 1 . 5 3 E + 0 0 n 0.044 1 0 5 0 905 0 . 1 0 7 3.29 3 .  1 6 0 . 1  5 1

Ruthenium, Ru 7 . 8 0 E  + 0 3

r . ise.oa
3 6 . 7 5440 2470 43100 1 1 3 0 0 226000 1 59000 167 40

Strontium. Sr 28.6 382 23500 6 2 1  0 2290 |  1 1000 1 00000 2672
Technetium. Tc 4.58E+03 7 1 9E-05 4 . 2 4 6 1  4 8 6 . 5 0 0 0 4 . 2 4

Tel lur ium, Te 5 . 8 1  E + 0 3 5 1  . 5 4 7 2 6270 9440 ? n 1 6860 6660 I  t 3

Xenon. Xe 7.33E+03 0 5.2 7 2 . 1 125 0 0.0 5 .2
Yttrium, Y 1 . 2 8 E + 0 4 3 5 . 8 4 6 1 r9500 970 21200 1 r 1 0 0 2UA
Zirconium, Zr 9 . 8 8 E + 0 3 52.3 1 230 9020 1 2900 20070 444000 384000 18426

' Thcse conscqucnes arc estimsr.d li' { disiancc ip lo 16 kn.

Talt. ll. Individaalt tcli.le rcleases to the en t'otulent dfld their cott?sporrding hunan health e/fects.for the present relererre plant.

lable that c€sium is the dominating contrib!- quences are pr€sented inTable 1.'fllistable is orders of magnitudes smaller than the ac-
tor to lafcnt effects. while nephrnium is the shows that pcr PBq of release, curium, and tivity ofthe volatile radionuclides (i. e., I, Cs
dominant contributor to lhe early fatalities. plutonium are the most itnportant to both andTe).
In order to get a better perspective of the rel- early and latrent effecls. Americium is the larlle 1lz shows the importance of vari-
ative importance of these nuclides, the most imporlant for latent cancer fatality ef- ous nuclides in a hypothetical reactor acci-
nuclidcs unit hcalth eflccts pcr Pcta fecLs, surpassing both curium and plutonium. dent leading to their total (100 %) re-
Becquerel (PBq) (l0rr Bq, or 2?.02? kilo-cu- However, in a reactor accident. the activity of lease, normalized with respect to iodine for
rics) of rclcase Ibr carly and latent consc- lhese aclinide nuclides in a typical release early fatalities and dose; and with respect to

' '  ' l-hcsc conscqucnces are estimatcd lor a distance up to l6 km.

Tah. III. Ittdividual tnrclide unit heolth e.//bct.s per Peta Bec'Ererel of'release.ftir'the pre,sent refbrence plant.

4_s8

Nuclides
Nuclide s
Invenlory
(PBq)

Early Effects per PBq' Long-Term Effects per PBq Total Latent
Cancer Fatalities
per PBqEarly Falalities Latent Cancer

Fatalities
Red Marrow
Dose (Sv)

Total Dose
(Sv1

Latenl Cancer

fatal i t ies
Direct Dose (Sv) Ground Shine

Dose (Sv)

Americium. Am 2.39E-01 0.00E+00 1.35E+03 4.73E+04 3.26E+04 2.82E+03 9.33E+04 3 . 9 1 E + 0 2 4.18E+03

Antimony, Sb ' l  . 1 0 E + 0 3 6.36E-05 2 49E-02 1  . 8 1  E - 0 1 3.09E-01 6.50E-03 1  . 4 4 E - 0 1 1 . 4 0 E - 0 1 3.15E-02
Bar ium. Ba 1.09E+04 2.75E-03 3.30E-02 4.34E-0  r 4.82E-01 4.69E-0 I 1 . 0 6 E + 0 1 1 . 0 6 E + 0 1 5.02E-01

Ceriunr, Ce 1 . 2 8 E + 0 4 5 40E-03 9.38E-01 2 . 9 1 E - 0 1 7 . 2 1 E + 0 0 9.84E-01 1 . 2 7 E + o 1 1 . 9 8 E + 0 0 1 . 9 2 E + 0 0

Cesium, Cs 8 . 6 1 E + 0 2 6 46E-03 1 . 9 0 E - 0 1 3.37E+00 3.64E+00 5.26E+01 1  . 1  8 E + 0 3 1 . '178+03 5.28E+01

Cobal t ,  Co 3 . 6 6 E + 0 1 0 00E+00 7.38E-01 3  7 7 E + 0 0 1 . 0 5 E + 0 1 5 . 8 5 E  + 0 1 L 2 8 E + 0 3 1 . 2 6 E + 0 3 5.92E+01

Curium, Cm 6 . 6 7 E + 0 1 5.19E-01 1.43E+02 2.31 E+03 2.' l3E+03 1.568+02 4 . 1 2 E + O 3 2 80E-0'l 2.99E+O2

lodine. I 2 . 4 9 E + 0 4 1 . 8 6 E - 0 3 1 60E-02 1.s0E-01 4.94E-01 8 . 1  5 E - 0 3 r .92E-01 1 . 7 8 E - 0 1 2.41E-42

Krypton, Kr 5 . 2 7 E + 0 3 9.94E-05 1 62E-03 2.BBE-02 2 56e-O2 0.008+00 0.00E+00 0.00E+00 1 62E-03
Lan thanum.  La 1 .548 +04 3 . 8 1 E  - 0 3 3 20E-02 3.74E^01 5 23E-01 1 9SE-03 4.44E-O2 4.40E-O2 3.40E-112

Molvbdenum- Mo 5 . 3 1 E + 0 3 t . 5 7 E - 0 3 4.60E-02 1 . 4 0 E . 0 1 4.35E-01 4.67E-03 1  . 1  1  E - 0 1 1 0sE,01 5.06E-02

Niobium. Nb 4.60E+03 5.46E-03 6.22E-O2 6. . t  7E-01 1  . 0 1 E + 0 0 9 76E-01 2 . 1 6 E + 0 1 2 . 1 5 E + 0  1 1.04E+00

Neodymium, Nd 2.07E+03 9.1 3E-05 6 . 9 1 E - 0 2 1  . 0 1  E - 0 1 5.99E-01 4.66E-O2 1 . 0 6 E + 0 0 1.02E+00 1 . 1 6 E - 0 1

Neptunium, Np 6.20E+04 1 .1 5E-03 3.02E-02 1 . 2 7 E - O 1 2 68E-01 2.60E-03 5.55E-02 3.77E-02 3.28E-02
Plutonium. Pu 2A3E+O2 1.45E-02 8 . 8 1 E + 0 1 8.35E+02 9.55E+02 1.37E+O2 2.85E+03 1 . 0 9 E + 0 1 2.26e+O2
Praseodymium, Pr 4 . 6 4 E + 0 3 1.06E-03 8.06E-02 3 99E-03 5.97E-01 1 04E-42 2.6 '1E-01 1.92E-01 9. toE-02
Rhodium, Rh 2.00E+3 3.83E-08 1.05E,02 3.66E-02 9.80E-02 1 . 1 0E-04 2.47E-O3 2.44E-O3 1.06E-02

Rubid ium. Rb 1 . 5 3 E + 0 0 0.00E+00 2 88E-02 6.86E-01 5.92E-01 6.99E-02 2.  1 5E+00 2.07E+00 9.87E-02

Ruthenium. Ru 7.80E+03 4 . 7 1 E - 0 3 6 97E-01 3 .  1 7 E - 0 1 5.53E+00 1.45E+00 2 . 9 0 E + 0 1 2.o4E+O 2 . 1  5 E + 0 0

Strontium, Sr 1 . ' l 3 E + 0 4 2 53E-03 3.38E-02 2 08E+00 5.50E-01 2,03E-01 9.828i00 8.85E+00 2.36E-01

Technetium. T 4.58E+03 1 57E-08 9.26E-04 1.34E-02 1.89E-02 0.00E+00 0.00E+00 0.00E+00 9.26E-04

Tellurium. Te 5.8 ' l  E+03 8.868-03 8 . 1 2 E - O 2 1.08E+00 1 . 6 2 8 + 0 0 5.22E-02 1 . 1 8 8 + 0 0 1 .1 5E+00 1.33E-01

Xenon,  Xe 7 . 3 3 8 + 0 3 0.008+00 7.09E-04 9.84E-03 1  7 1 E - O 2 0.00E+00 0.00E+00 0.00E+00 7.09E-04

Yttrium. Y 1.28E+04 2.80E-03 2 13E-01 3.60E-02 1.52E+00 7.58E-02 1.66E+00 8.67E-01 2.05E-01

Zirconium, Zr 9.88E+03 5.29E-03 124E-01 9. ' l3E-01 1 .3 1 E+00 2.03E+00 4.49E+01 3.89E+01 1 . 8 7 E + 0 0
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Nuclides
Nuclide

Inventory
(PBq)

Early Etfects Relative to lodine" Long-Term Etfects Relat ive to Cesium

Early Fataliti€s Early Doseb Latent Cancer
Fatal i t ies (Early)

Latent Cancer Fatalities (Late) Long-terrn Dose Total Latent Cancet
Fatal i t ies

Americium, Am 2.39E,01 0.00E+00 6.60E+04 7 . 1 4 E + 0 3 5.36E+01 7 . 8 8 E + 0 1 7 . 9 2 E + 0 1
Antimony. Sb 1 . 1  4 E + 0 3 3.42E-O2 6.26E-01 1  . 3 1 E - 0 1 1.24E-O4 1 . 2 1 E - O 4
Barium, E|a 1 . 0 9 E + 0 4 1 . 4 8 E + 0 0 9.75E-01 1 73E-01 8 . 9 1 E - 0 3 8.91E-O3 9.50E-O3
Cerium, Ce 1.28E+O4 2.908+00 1 . 4 6 E + 0 1 4.92E+00 1.87E-02 1.O78-O2
Cesium. Ca 8 . 6 1 E  + 0 2 3.47E+00 7.368+0O LOoE+00 1.00E+00 1.00E+OO 1.00E+00
Cobalt, Co 3.66E+O1 0.00E+00 ?.1zE+Q1 3.87E+00 1 . ' l  1  E+00 1.088+00 1 .  1  2E+00
Curium. Cm 6.67E+01 2.79E+02 4 . 3 1 E r 0 3 7.53E+02 2.96E+00 3 4BE+00 5.67E+00
lodino, I 2.49E+04 1.00E+00 t.OOE+00 8 39E-02 1.55E-04 1.62E-04
Krypton, Kr 5.27E+O3 5.35E-02 5 . 1 9 E - 0 2 8.53E-03 0.00E+00 0.00E+00 3  08F -O5
Lanthanum. La 1 . 5 4 E + 0 4 2.05E +00 1.06E+00 1 . 6 8 E - 0 1 3.79E-O5 3.75E-05 6.44E-04
Molybdenum, Mo 5 . 3 1 E + 0 3 8.42E-01 8 . 8 1 E - 0 1 2 41E-O1 8 88E-05 9.358-05 I  59F
Niobium, Nb 4.6OE+03 2 93E+00 2.05E+00 3.26E-01 1 . 8 6 E - 0 2 1.82E-02 1.97E-02
Neodymium, Nd 2-07E +O3 4.9 ' l  E-02 1  . 2 1 E + 0 0 3.63E-0 ' l 8 .85E-04 8 97E-04
Neptunium, Np 6.20Er04 6. ' l7E-01 5.42E-O'.l 1 .58E-01 4 . 9 4 E - 0 5 4.688-05 6.20E-04
Plutonium. Pu 2.43E+O2 7 . 8 1 E + 0 0 1 . 9 3 8 + 0 3 4.62E+O2 2 . 6 1  E + 0 0 2 40E+00
Praseodymium, Pr 4 . 6 4 + 0 3 5.70E-01 1 21 E+00 4.23E-O1 1 98E-04 2.20E-04 1 .72E-03
Rhodium, Rh 2 0OE+3 2.06E-05 1 . 9 8 E - 0 1 5 . 5 1 E - 0 2 2.08E-06 2.08E-06 2.O1E-O4
Rubid ium, Rb 1.53E+00 0.00Er00 1.20E+00 ' 1 . 5 1 E - 0 1

1 . 3 3 E - 0 3 1.82E-03 1 . 8 7 E - 0 3
Rutheniufn. Ru 7.80E +03 2.53E+00 1  1 2 E + 0 1 3.66E+00 2 75E-O2 2.45E-O2 4 06E-O2
Stronlium, Sr 1  1 3 E + 0 4 1.36E+00 1 . 1 1 E + 0 0 1.77E-O' l 3.85E-03 8.29E-03 4  4aF -O i
Technetium, Tc 4.58E+03 8 44E-06 3.82E-02 4.86E-03 0.00E +00 0 00E +o0
Tellurium, Te 5 . 8 1  E  r 0 3 4.77E+OO 3.29E+00 4.27E-01 9 . 9 1 8 - 0 4 9.97E-04 2  53F -O3
Xenon. Xe 7 . 3 3 E + 0 3 0.00E+00 3.45E-02 3.72E-03 0.00E+00 0.00E+00 1.34E-05
Yltrium, Y 1 . 2 8 E + 0 4 1 . 5 0 E + 0 0 3.08Er0O 1 .1 2E +00 1 . 4 4 E - O 3 40E-03
Zirconium, Zr LBBE+03 2.85E+00 To5:-0_q 6.54E-01 3 86E-02 3 79E-O2 3 53E-02

" l-hcse conscqucnces arc cstinralcd li)r a distancc u1t to I(r knt."  
l 'h is  is  a wl ro le body dose recerved dur ing car . ly  exposurc.

Tab. IV. Relutive importance of'inclividuul nuc,lides.

cesium for latent (long-term) health etfects
(i. e., latent cancer fatalit ies and the long-
term dose). Tuble IV shows that when equal
activity releases per nuclide are considered,
iodine would not be a major contributor to
early health effects. ln terms of total effec-
tive dose from the exposure to plume and a
shorl duration of exposure (e. g., 24 hour) to
the ground contamination (i. e., total dose-
early), l4-out-of'-25 nuclides would have
higher dose consequences than that ofiodine.

This table identifies those nuclides thar
have similar or more contributing effects than
that of iodine nuclide fbr the early effects. In
addition to iodine, it is seen that tellurium,
barium, cerium, cesium, curiuln, lanthanum,
molybdenum, niobiunt, plutoniurn, ruthe-
nium, strontium, yttrium an(l (radioactive)
zirconiunt arc irnporlant to carly latality
health effbcts, provided a complete release of
these nuclides wcrc to bc postulatcd; how-
ever, even under the most severe accidents
involving potentially large releases (e. g.,
containment bypass scenarios), and in the ab-
sence of any release mitigation, the radiologi-
cal releases are dorninated by volatile
nuclides of iodine, cesium, and telluriurn. and
to a lesser extent, by the release of nLrclides
of molybdenum, strontium, ancl bariurn.
While quantitatively significant releases of
the other nuclides that are shown to be in'r-
portant in terms of carly health e{'fects, are
not envisioned.

On the other hand, Tuble IV also slrows
that latent health effocts are dominatcd by
nuclides of americium, cesium, cobalt, cu-
rium, and plutoniurn (notc that also irnportant
are nuclides of nrthenium, strontium, yttrium.

atw 50.  Jg.  (2005) Heft  7 -  Jul i

and cerium due to exposure to the plume), if
a conrplete release of these nuclides wsre to
be postulated. I ' lere again, during severe ac-
cidents, quantitatively large releases fbr the
aforementioned nuclides other than cesium
are not likely. Therefore, cesium remains as
the nuclide of greatest signiticance f'rom a
standpoint of long-term el'fects, fbr severe ac-
cidcnts. Fufthermore, in tenns of either early
or latent hcalth effccts, noble gases are
shown to be of l itt le significance.

Also, since emergency actions (i. e.,
evacuation or relocations), long-term protec-
tive measures, and the effbcts of plume buoy-
ancy, have not been considcred in the analy-
sis, the nonlalization results shown in Ta-
ble IV rcmove down wind distance as a factor
in the rclative importance of each nuclide.

2.1 Ear ly Fatal i t ies

Following severe accidents, the conse-
quences in terms of early fatalit ies arc linr-
itcd to the imrnediate areas surounding the
plant. Since the early fatalit ies are a direct
firnction of the acute dose, with a threshold
value causing fatality, the number of the fa-
talit ies would not be proportional to the total
dosc rcceived by thc population. ln gcncral,
the individual residing nearest to the srte
would receive the highest dosc, and as the
distance incrcascs, the acute dosc beconres
smaller, which results in a lower nunrber of
polentiaf carly fatalit ics. Figure / shows that
rnorc than 95 "/o of thc total early latalit ics
occur in less than 5 kilorneter-s frorn the
point of rclcasc. Sincc tlre conscclucltccs irr
tenns of early fatalit ies are lnost pronouncecl

Kernen - Sicherheit

in  the immediate v ic in i ty  of  the plant ,
MACCS2 calculat ions show at  c lose dis-
tanccs,  te l lur ium and iodine have s i rn i lar
contribution to early fatality health effbcts.

2.2 Latent Fatalit ies

Latent cancer fatalities are proportional to
the total population exposure. In contrast to
early fatalities where the nuntber of fatalities
decreases as distance incrcases and reaches a
fixed value within a shorl distance (e. g., less
than l6 kilorneters), latent cancer tirtalit ies in-
crease with before the distance and population
(see Figure 2). As indicated earlier, the contri-
bution fionr cesiunr release dominates all the
latent canccr latality hcalth elfccts. Note lhat
lhe irnpact of radioactive dccay and daughter
btr i l t l - r rp on l i r lcnl  l i r t i r l i t ics und lxr l t r r l l t iorr
dose, in the long-tenn, is not significant.

2.3 Ground Contaminat ion and
Regulatory Criteria

GroLrnd contamination level down rvind
fiont an accidental release of radioactive ma-
terial is a function of its dcposition rate and
decay rate. NLrclides with heavier masscs and
largcr particlc dinrcnsious than tlne micnu.r
would have a greater rate of deposition onto
ground ancl thus produce higher levels of
ground cclntantination relative to the initial
airborne concentration. The effbct of higher
dcposition ratc is a highcr contantinalion
lcvel ncar thc point ol'releasc. Nuclidcs rvith
short half:l ives would leacl to lower lcvels of
contanrination as thc plurnc travols down
wind. Thcrcfore, nuclicles with a fbw-hour
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half-l ives would be alnrost decayed corn-
pletely within a fcw hundred kilometers from
the point of release.

Analysis of  the ground contaminat ion
lcvef s versus distance shorvn in Figure 3 in-
dicates that cesiuln and plutonium have sim-
ilar contarnination levels relative to their ini-
tial release quantitics whereas iodine has a
lower value. This is because both cesium
and plutonium nuclicles inclucle isotopes
with long half-l ives, wlrereas iodine isotopes
except for  iodine- l3 l  (which has a hal f - l i fe
of about f3 days), have short half l ives rela-
tive to the duration of the ph-une passage.

There are several criteria. which set
limits on ground contamination, including:

l. l'lre U.S. Environntenlal Protecliort
Agenqt (EPA) provisions fcrr relocation of
populat ion include:
* f n 1977, EPA issued proposed guidelines
on the dosc litnit f i 'orn ground contantinntion,
which requires that the surlace contantina-
tion be Iirnited ro below 0.2 uCilnt2 l5l. A0.2
prCi/m2 is equivalent to 7 400 Bq/m2, a com-
parisons of the cesium-137 centerline ground
contamirration values to this criterion indi-
cates that a release fraction of the order of
l0-7 for a large power reactor wor-rld be
needed in order not to require any relocation
beyond I krn of the plant. Tlrerefore, this cri-
terion is very restrictive and difficult to
achieve even with substantial decontamina-
tion following a severe accident.
- ln 1992, EPA issued protective action
guidelines for nuclear incidents in which mit-
igative actions such as decontamination, or
decontamination followed by temporary in-
terdiction is to be undertaken based on the
projccted future dose 16l. An example of this
is the lirnit of projected individual dose of
0.02 Sv in the first year following the acci-
dent. This would limit the cesium release
fraction to about 4xl0-" for a large power re-
actor, in order to preclude such conditions
beyond I krn of the plant.
2. The criterion by the Finish Radiation
and Nuclear Safety Authority /7/ to l irnit the
re l cases  to  equ iva len t  o f  100  TBq  ( tO Ia  eqy
of Cs-137, translates to cesium release frac-
t ion of  about l0-4 or  less.
3. Other criteria include those that have
been examined by Pretre /8/, which are
based on land contamination due to Cs-137
(or other options). Under the condition of
Cs-137 land corrtarnination, relocation would
occur if the Cs- | 37 contarnination exceeds 40
Ciikrn2 ( l.5x 106 eq/m21. This criterion lirnits
Cs-137 rc lease f ract ion to less than 2xl0 5 to
preclude relocation beyond I km from tne
plant. This criterion is 200 tirnes that of
EPA-1977 criterion. Reference /8/ also dis-
cusses a number of otlier criteria.

Referencc l3l has discusscd the inrpact
of factors such as po\ /er level, reactor type,
fuel burnup, and site and release characteris-
tics orr the potential offsite consequences of
severe accidents. The differences in the rela-
tive importance of various radionuclides
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notwithstanding, the present stucly, also con_
fimrs that fbr early exposure, only nuclides
with shorr (few days) half-l ives are of signif_
icance, and these inventories are not greatly
impacted by reactor type, power level and
fuel burnup. However, even though the in_
ventory of long-lived radionuclides are af-_
fected by fuel cycle and burnup, nonethe_
less,  th is dependcnce is  s imi lar  for  a l l  these
nuclides, and the relative significance of
these nuclides (in tenns of latent effects and
ground contamination) will not bc sisnifi_
cantly altered by these factors.

3. Definition of Large Release

Difficulties exist in defining ,' lctrge"

release fiequencies, since lhere are a spec_
trum of frssion product releases that are esti_
mated as likely to occur followine severe
accidents, with their expected releaie quan_
tities ranging over several orders of magni_
tude and occuming at various timcs fbllow-
ing accident initiation.

The more prominent release characrer-
istics as defined in various pSAs that can
have a marked influence on the masnitude
ofreleases consist of:
- Containment status and fhilure ltrodc that
include isolation failure; Steani Generaror
Tube Rupturc (SGTR) (for pWRs) and orher
containment bypass events (e. g., interfacing
systems LOCA); containment fbilure mode
(e. 9., leakage, ruptllre, etc.); containment
venting; basemat penetration; and intact con_
tainment (i. e., release through preexisting
leakage paths only).
- Time of containment failure that includc
befbre or near the time of vessel breach. late
in the accident (many hours after core dam_
age and vessel breach), and never (intact con_
tainment).
- Status of containment engineered safcty
systems (e. 9., sprays for pWRs ancl some
BWRs, pressure suppression pool in BWRs,
etc.) that can be considered as active or nor
bypassed, and inactive or bypassecl.
- Status of reactor lower containment/cavity
region that include floodecl with watcr on
the long-tcrm, or dry.

These characteristics have a profound
impact on the magnitude of radiolosical re_
leases into the environment. In genJral, by-
pass and early containment failure modes
are expected to result in quantitatively sig_
ni f icant  re leases ( i .  e. ,  typical ly ,  involv ing
release of volatile radionuclides in excess of
l0 %o of their initial core invcntories). l low_
ever, consequentially, some of the other
Iisted release modes that have the potential
for being large, may or may not be classified
as such, depending on the threshol<J that is
used to distinguish the "large', 

flom the ,,not

large" (i. e., low and medium releases).
The frequency of large radiological re_

leases to the environment will be impacted
by many factors, tbrenrost, by the definition
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itsclf. For instance, if offsite f 'atalit ies or
health effects are selected as part of the defi_
nition, then aside from the release masnitude.
time, and other attributes of the releise, the
off-site emergency response countennea_
sures, will also have a significant and deter_
rnining impact on triggering tl.rc ,,lurge', 

re_
lease threshold. Specifically, early fatalitres
in the immediate vicinity of thc plants arc
most sensitive to the release rnagnitude, the
tirnc of release (aficr core darnage), the thcr-
nral energy of release, the elevation of re_
lease, the population density, and the emer_
gency response actrons.

The fbllowing alrernarives for tlre defi_
ni t ion of  large re lease (e.  g. ,  see l l l ,  17l ,  lg l
and /10/) to estimate the large release fre_
quency following postulated severe acci_
dents, are noteworthy:
-  A- l :  Any re leases that  occur because of
severe accidents that would entail an early
containment failure (inclucling containntent
isolat ion fa i lure)
-  A-2:  Any rc leases that  occur bcci tusc of
severe accidents that would entail early
containment fa i Iure ( inc luding containment
isolation failure) and containnrent bypass
condi t ions
- A-3: Any release that would exceed spe_
ciflc thrcsholds in tenns of fiactional re_
leases and tirning of release
- A-4: Any relcases that occlrr bccause of
severe accidents that would entail l0 oZ or
more of  the in i t ia lcore inventory of  iodine
* A-5: Any releases that woukl exceed spe-
ci f ic  thrcsholds in terms of  the act iv i tv  asso_
ciated with the release from the containment
- .4-6: A collection of all rclcases that woulcl
result in one or more early firtalities oflbite

The first four altemativcs are solely
based on the release thresholds, and can be
rcadily calculated using the results of the
level-2 PSAs. On the other hand, calculat ion
of altentative A-5 requires the appropriate
estimation of release activities. Estimation
ol' release frequency using alternative ,4_6
requires off-site consequence calculations
using MACCS2 or othcr  s inr i lar  contputer
codes (or other approximations) to dcter_
mine t l re number of  ear ly lata l i t ics in the
immediate v ic in i ty  of  the power p lants ( i .  e. ,
in the area outside the exclusion zone ex_
tending to about 2 knt from the plant).

The consideration of " release.fi.actir.tn "

as an appropriate threshold for clefinition of
LERF rcquires to be augmentcil by other
fbctors since the actual quantitative releases
into the environment are a function of core
invcntory (e. g., rcactor ratccl power, flcl
composition, fuel burnup, etc.). However.
qualitatively, for a large power reactor (e. g.,
I 000 MW(e)), releases involving a fcw per_
cent (-3Yo of iodine equivalent) of the vola_
tilc fission products would procluce Incasur_
able offsite consequences.

On the other hand Reference l9l prtt_
poses the concept of "cesium 

etluivulence"
to define the large releases as those tlrat ex_
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ceed a given quantity of core radiological
inventory nreasured as, ,Cs-eqt ivnlent" .
This proposal fbr large release uses the fre_
quency versus Cs- 137 equivalent release
that is in a fonn of a Con.rpletnentary Cumu_
lative Distribution Function (CCDF) shown
in Figtu-e 4, which delines releases exceed_
ing about l0 kg (or  3.2x1016 Bq) of  , ,cesium
-137 ec}r iv i t lc l r t " ,  as thosc that  arc cxDcctecl
to hav"e a fiequency that is less than o,: equal
to l0-o pcr reactor-year. Thc liurit tbr the rc_
lcase of radioactive materials arising fr-om a
severe accident is defined in Refcrence /7/.
This recluirernent l irnits the releases from se_
verc accidcnts to those that cause ncither
acute hamrful health effbcts to the popula_
tion near the nuclcar power plants or any
long-term restrictions on the use of exten_
sive arcas of land aud water. For satisfying
the requirement appliecl to long-term efflcts,
the Rcfererrce l7l criterion is such thar to
l inr i t  atnrosplrcr ic  rc leases of  cesiurn-137 to
100 TBq (10'*  Bq).  ln adcj i t ion,  Refbrence
/7/ rcquires that tlrc cortrbirrctl f it l l-out con_
sisting ol- nuclides other than cesiur-n_iso_
topes should not cause, in the long tenn,.
starting three months fi-om the accirlent, any
hazard greater than woulcl be expected front
a cesium release conesponcling to l0la Bq.
This Cs- 137 rc leasc cr i ter ion is  at  lcast
about 300 times lower- (i. e., more restric_
tive) than that proposed in Referen ce l9l.

Within the U. S. Nru,leur Regulutot.l,
Comnis:;iott (NRC) reguIatory franicwork /I /,
large early release is typically being used as a
sun-ogate fbr the carly firtality quantitative
health objective ol'rlre A/RC satbty goal pol-
icy, where it is defined as,,the./i.eqtrcnr,.t, o.f '
tho:;e uc:cidents leurling lo signific,uttt, urtttttili_
gated releu.ses .fi-ont c,ontainntent itt ct titne
Ji"ame pr.ior. trt elfbctit,e etrtcuation o/' the
c'lose-in populaliott sut'h tltut therc is tt 1to_
tentittl.fbr eurly hgo111, ef/bc:ts. Such ctcc,itlents
generall.y, include unsc,rubbetl releoses u.sso-
ciuted n,ith early c'rnttainntent Jiilure ut or
.shortl.1, afier ves.sel breac,h, corttttinntent b),-
pqss eyents, nrul lo.ss of'c,orttttinntent isoltt_
/ion." Results of snrdies perfbnned to exal.lt_
ine tlre inrplications ol'clefining a ,' lurge 

re_
leuse" source tenn that has the potential to
resul t  in one ear ly fata l i ty  wi th in one mi le of
the plant boundary have been reported /10/.
The cument NRC concept is geared towards
early fatalities, rvliile the concepts proposed
in lll an,J l9l are airncd at ground contarnina_
tion and latent exposure.

4. Examination of Alternative
Definitions on plant-Specific Basis

The calculat ion of  a l temat ives A_l
through A-4 is straightforward, and consists
of suurming the ficcluency of all releasc cat-
egories that result in release quantities ex_
ceeding the specified threshold, accounting
lbr the relative time of release (to clistin-
gtrish large releases that occur ,,earlv" 

from
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those large releases that occur "late" 
rela-

tive to time of damage).

Calculation of LERF and Large Re-
lease Frequency (LRF) based on alternative
A-5 and using the threshold values of l7l
and 19l, involves additional analyses. To
evaluate the Cs-l37 equivalent health effbcts
of alf nuclides, a set of 

"Cs-137 
equivalent"

consequence weights were developed by
perfonning a separate MACC52 calculation
where 100 % release of only the Cs-137
isotope was assumed in order to obtain the
late direct dose and the number of latent
cancer fatalit ies. This calculation showed
rhat  2.76x1017 Bq of  Cs-137 resul ts in a
late direct dose of 6.87x105 Sv. Therefore,
the unit late direct dose of Cs-137 is
6.g7xl}st2.76xl0 l7 2.49x10' t2 Sv/Bq.
Furthermore, by nomtalizing the doses in
terms of the corresponding nuclide inventory
(isotope in the case of Cs-I37 calculation),
the resulting dose due to the release of l Bq
of activity of each nuclide is calculated. The
weights are then obtained by dividing the

unit dose effects of the nuclides by that cone-
sponding to Cs-137 isotope. Similar Cs-137
equivalent weights were also generated using
latent cancer fatality health effbct measures
resulting from exposure to ground contami-
nation starting 90 days after the release.
These results are presented in Table V.

The calculation of release frequency
using alternative r\-6 involved performance
of plant-specific MACCS2 calculations as
well as a simplified formulation to deter-
mine the number of early fatalities within
2 km of the plant. The plant type, power
level (relative to the MACCS2 standard
power), and the site population differences
are summarized in Table VI.

Using the results of plant-specific
level-2 PSAs for typical LWRs, the fre-
quency associated with each alternative defi-
nition of large release (including large early
release) was estimated, and the results are
summarized in Table VIL Note that the esti-
mation of frequency associated with altema-
tives A-l through A4 is strictly based on the

results of level-2 PSAs only. As such, these
frequencies can be estinrated by summing
the frequency of each release bin/category
that fulfils the threshold requirement of the
dcfinition. Only altcrnatives A-5 and A-6
require additional calculations, as described
earlicr.

It should be noted that the differ-
ences in the absolute frequencies listed in
Tahle VII, including variations bctween the
plants, which are also indicative of the
specifics of the PSAs used are not of signifi-
cance to the present analyses. However, on
an individual plant level, the differences be-
tween the results for various release defini-
tions, are indicative of the implications of us-
ing different characterization of large release,
the threshold values, and in one case (i. e., al-
temative 4-6), the site characteristics.

Table VII shows that:

l .  Al ternat ives A-2 and A-4 resul t  in
similar LERF values, for a given plant;
however, across plants, those that have a
higher susceptibil ity to containment bypass
have a greater LERF contribution.
2. Alternatives A-3 and A-5 can result in
the inclusion of some of the late containment
failure modes and late releases into the LRF
estimates, as compared to the other alterna-
tives, and these contributions are highly pro-
nounced for some of the plants.
3. Alternative A-5 results in the highest
contribution to LRF and LERF for all
plants, considering the release limit as set
forth in Reference /7/.
4. The LRF estinrate based on the pro-
posed Reference /9/ criterion is not signifi-
cant for any of the plants. Furthermore, the
use of the proposed Reference /9/ l imit re-
sults in LERF estimates that are signifi-
cantly larger than those of alternative ,4-6,
for all the plants used in the present study,
except for one plant.

5. In the rnajority of the plants, the use
of alternative 4-6 results in the lowest

1.0E-02 1.0E-01 1.0E+00 ' l  .0E+01 1.0E+02 1.0E+03 1.0E+04 1.OE+05 1.0E+06

Cs-137 Equivalent Release (g)

Fig. 4. Frequency consequence protrtosal oJ'ReJbrence /9/.

Nuclide Core lnventory (Bq) Lale Cancer Falalities (Affer 90 days) Latenl Cancer Fatalities (LCF) per unil invenlory Cs-137 weights
Americium, Am 2 . 3 9 E +  1 4 496 2.OBE-12 2 -  1 8 E + O l
Antimony, Sb , | . 1 4 E + 1 8 0.139 1.22E-19 1.28E-06
Barium, Ba 1 . 0 8 E + 1 9 48.7 4 . 5 1 E - 1 8 4.73E-05
Cerium, Ce 1 . 2 8 E + 1 9 7440 5 . 8 1 E - 1 6 6.10E-03
Cesium, Cs 8.6 ' l  E+17 38100 4.43E-14 4.64E-01
Cobalt, Co 3.66E+16 I 780 4.86E- 14 5.10E-01
Curium, Cm 6 . 6 7 E + 1 6 6670 1 . O O E - 1 3 1.05E+O0
lodine. I 2 .49E+19 0.1  37 5.50E-21 5.77E-08
Krypton. Kl 5 . 2 7 E + 1 8 0 0.00E+00 0.00E+oo
Lanthanum, La 1 . 5 4 8 + 1 9 o.432 2.81E-20 2.94E-O7
Molybdenum, Mo 5 . 3 1 E +  1 8 0 0.00E+00 0.00E+00
Niobium, Nb 4.6E+18 756 1 . 6 4 E - 1 6 1.72E-03
Neodymium. Nd 2.08E+18 0.437 2.' t0E-19 2 20E-O6
Neptunium, Np 6.2E+19 41.1 6.63E-19 6.96E-06
Plulonium, Pu 2.43E+17 24600 1 . 0 1 E - 1 3 1_06E+00
Praseodymium, Pr 4 . 6 5 E + 1 8 0.534 1 . 1 5 E - 1 9 1.2 t E-06
Rhodium. Rh 2 E + 1 8 n 0.00E+00 0.00E+00
Rubidium, Rb 1 .53E+ 1 5 0.oo421 2.75E-1A 2.89E-05
Ruthenium. Ru 7 . 8 E + 1 8 6240 8.00E-16 8.39E-03
Strontium, Sr 1 - 1 3 E + 1 9 1 870 1 . 6 5 E - 1 6 1.74E-03
Technetium. Tc 4 . 5 8 E + 1 8 0 0.00E+00 0.00E+00
Tellurium, Te 5 . 8 1 E +  1 8 7.45 1.28E-18 1.35E-05
Xenon, Xe 7 . 3 3 E + 1 8 0 0.00E+o0 0.00E+00
Yttrium. Y t .28E+' l  I 242 1 .89E-17 1.98E-04
Zirconium. Zr 9 . 8 8 E + 1 8 8 1  1 0 8 . 2 1 E - 1 6 8.61E-03

Tqh. V
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Calculatiotr of Cs- I 37 weights for Latent Cancer Fatalities from exposure to releases starting 90 days after accident initiation.
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) lant Plant & Site
4
t z 3 4 5 o)lant type PWR PWR PWR PWR BWR BWR

)ower relative to MACCS2 standarda pWR or BWR 0.79 0.79 0.88 0 .81 0.83 0.40
)opulation dgnsity
ipersons/km')

/Vithin - 2 km of olant -100 -35 ^ 1 - 1 5
/Vithin immediate vicinity ( in the
' inq of 2 to 16 km)

-20 - lu -5 -5 - 1 0 - l u

" MACCS2 standard PWR and BWR pou'er level are 34 12 MW(t), and 3578 MW(t), r.especrivelyr'Actual population is zcro but a popuiation density of -l person per square kilornetcr is assuurecl

Tab. VI Plant type, power ancl site populutiort differences.

I-arge Early Release l"r 'eqrrency (LEItF). ' Ihe 
trunrbers in the brackcts retbr ro thc lotal [-arge l lcleasc hr-equency (LI{f  )

Tub' VII. Frequency o/-releu.se (per reactor-year) u.sirtg vurictu.s allernatives.fbr severrtl ll,pical light tytler. t.e(rL,tor.t.

contribution to LERF estimates. even assuln-
ing a minimum population density of about
one person per square kilometer in the area
extending from the exclusion area (i. e.,
about 0.5 km) to about 2 km fiom the plant.
However, altemative 4.-6 shows a significant
LERF contribution for larger plants with a
relatively higher population density. Obvi-
ously, this altemative is strongly affected by
site population.

5. Conclusions

This paper has presented an updated
study that shows the relative importance of
various radionuclides that can potentially re-
lease following severe accidents, to off'site
consequences, and an analysis of the poten-
tial implications of using different definition
of "large release" based on results of rypical
level-2 PSAs for PWRs and BWRs ar differ-
cnt plant sitcs.

The analyses have shown that in addi-
tion to iodine, the release of tellurium. bar-
ium, cerium, cesium, curium, lanthanum,
molybdenum, niobium, plutonium, ruthe-
nium, strontium, yttriurn and (radioactive)
zirconium are important to early fatality
health effects, provided an equal and com-
plete release of these nuclides were to be
postulated; however, even under the most
severe accidents involving potentially large
releases (e. g., containment bypass scenar-
ios), and in the absence of any release miti-
gation, the radiological releases are domi-
nated by volatile nuclides of iodine, ce-
sium, and tellurium, and to a lesser extent.
by the release of nucl ides of molybdenum,
strontium, and barium. While quantitatively
significant releases of the other nuclides
that are shown to be irnportant in tsrms of
early health effects are not envisioned.

atw 50. Jg. (2005) Fleft 7 - Juli

Furthermore, the analysis results for the
latent health effects have also shown that
these effects are dominated by nuclides of
americium, cesium, cobalt, curium, and plu-
tonium (note that also important are nuclides
of ruthenium, strontium, yttrium, and cerium
due to exposure to the plume), if an equal
and complete release of these nuclides were
to be postulated. llere again, during severe
accidents, quantitatively large releases for the
aforementioned nuclides other than cesium
are not likely. Therefbre, cesium remains as
the nuclide of greatest significance from a
standpoint of long-term ef'fects, for severc ac-
cidents. The analyses also showed that the
noble gases are of little significance in tenns
of either early or latent health effects.

The paper also examined the implications
ofusing several alternatives to define the large
(including large early) release ilequency for
risk-informed regulatory applications, ranging
from simple criteria based on release class
characteristics and threshold values. to those
that are aimed at minirnizing early (c. g., carly
fatalities) and latent (e. g., land contamination)
radiological consequences.

The paper showed that altemativcs that
are based on latent effects are obviously
more restrictive than those that are based on
early fatality et-fects. Furthermore, for large
power reactors, those alternatives that arc de-
fined on the basis of sirnplc release class
characteristics and threshold values are gen-
erally easier to implcment and verify for rcg-
ulatory applications (i. e., they are less sus-
ceptible to computational assumptions, and
analytically straightforward to calculate).
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