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ABSTRACT

20555

Basic radfation protection objectives for the controlled enviromment are
transferrable verbatim for use in the uncontrolled or emergency situation. These
objectives are: avoid near-term injury or fatality and reduce individual risks
and total health effects to levels as low as reasonably achievable (ALARA). The
potential benefits of sneltering and evacuation in meeting these objectives during

4 response to a severe _JR accident was

investigated. It could be very difficult

to reduce total health effects because collective dose (man-rem) increases mono-

tonfcally for scores, perhaps nundreds

of miles from a release ooint. In this

regard, shelter and ad noc respiratory protection appear to be the only raticnal

and feasible near-temm protective actions th
However, the first two objectives can be
within two to three niles immediately u
(e.9., a core melt accident), and shelt

at would be avaflable to most people.
met by early, precautionary evacuation,
pon the declaration of a General Emergency
ering elsewhere. In the event of an

actual major release, later relocation from highly contaminated areas would be an

integral part of the amergency response.
varfous emergency response options and pot
perspectives obtained should be reflected

INTRODUCT ION

Radiological emergency plans for fixed nuclear
factlities should be constructed to achieve spe~
cific radfation protection objectives in the event
of a future radiological release. Basic radiation
protection objectives for controlled enviromments,

Such as a work place, can be succinctly stated as
follows:

0 AVOID serious non-stochastic radiation effects
(1.e., near term, or early, injuries and
fatalities), and

0 REDUCE 1ndividual stochastic risks and total
latent health effects to levels as low as
reasonably achievable.

These basic objectives are transferrable directly

to the uncontrolled or accident environment, so

long as 1t s recognized that there can bde no
guarantees proffered that all objectives can de

met in ali concetfvable cir cumstances in an uncon-
trolled enviromment (US78; USB0; In84). For this
paper the potential berefits and practicality of
combinations of evacuation and shelter to achieve
these objectives in response to severe Tight water
nuclear power plant (LWR) accidents was fnvestigated.

The LR accidents considered was the set
SST1, SST2 and SST3, suggested by the U.S. Muclear
Regulatory Commission (NRC) as representative
gmptgs of sevare acctdent source terms (frac-
tions the core inventory of radfonuc!ides
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Analyses performed to investigate the
ential benefits are described. The
in emergency plans.

released to the atmosphere) (US81; US82a). Al though
these "source terms® are being intensively inves-
tigated (8a84) and may be revised in the future,
the NRC set was used as the best current estimates
of severe accident source terms. The important
characteristics of this set are listed in Table 1.

These would all be core melt accidents, The
estimated probabilities of these accidents occurring
are very low, but the estimated release fractions
(of the core inventory) to the atmosphere would be
large, especfally for SST1. In general terms,
SST1 would correspond to a coincident early,
massive fatlure of containment, with 1ittle or no
scrubbing of the release by engineered safety
features in a plant. S3T2 would correspond to a
coincident major contaimment failure with degraded
performance of engineered safety features. SST3

could fnvolve a late basemat mel t-through accident,
with efficient scrubbing of particulates and a
smaller release of noble gases, as well.

BACKGROUND

Clearly, even without an emergency plan some
off-site amergency response by the publ fc would be
expected in the event of these accidents. Examined
here was the question: what would be a practical
emergency protective action scheme involving
evacuation and shelter, which would satisfy the
basfc radfation protection objectives? [t was
recognized that indfvidual entrapment situations

Riud



can be readily visualized; thus, the perspective
was to investigate evacuation and sheltering

benefits that could accure for most of the people
most of the time given the postulated accidents.

Certain leading clues were available from
previous studies. hree are especially noteworthy.
In NUREG-0396 (US78), risk vs distance was displayed
in a simple manner in a figure reproduced here as
Figure 1 This figure merely indicates that dose
(and risk) vs distance decreases monitonically
from a source point for an atmospheric release.
Theoretically, the decrease varies as r-1.5,
approximately, where r is the downwind distance.
Because of obstructions, wind meander & wind
shifts during a release period, dose might more
realistically vary as r~? (inverse squared). The
r=! (inverse distance) curve in Figure 1 was
included as an aid to the reader. Without further
elaboration or caveats, the infarmation in Figure 1
can be taken to indicate that protective actions
within a few miles of a release point would be
most beneficial because the risk is clearly greatest
within this distance.

Two other clues were provided in NUREG/CR-2239
(USB2b), especially in two figures reproduced here
as Figures 2 and 3. Figure 2 displays the probabil-
ity exceeding various numbers of early fatalities
given an SST1 accidental release and various
emergency response assumptions. The bottam curve
in m figure clearly illustrates the potential
benefits of a minimal delay before evacuation.

For the summary evacuation curve; delays of 1, 3
and 5 hours were assumed to occur 0.3, 0.4 and 0.3
of the time, respectively. Unfortunately, for the
bottom curve in this figure an evacuation within
twenty-five miles was assumed, at a speed of

10 -1{03 per hour. This fmplies that a large area

could be cleared in 2.5 hours - hardly a practica)
assumption for most people most of the time.

Figure 3 contains two important clues. Shown
here is the conditional probability of fncurring
an early fatality beyond varfous distances assuming
the SST1 accidental release and varfous emergency
responses. Again, the importance of a minimal
delay before evacuation is clear from the bottom
Curve which indicates that with a short delay time
the early fatality distance should not exceed two
miles. ain, the impractical twenty-five mile
evacuation distance is noted. Further, as indicated
in this figure, all shelterees were assumed to
stay on contaminated ground for a full day before
relocation to uncontaminated areas. This is
hardly a realistic assumption considering that
dose rates in many areas could exceed 10 rem per
hour in the wake of the puff (USB4). Relocation
from shelter would be expected to occur soon after
rniologlcal monitoring teams identified such “"hot
spots®.

CALCULATIONS

Following these clues, consequence estimates
were performed using the following protective
actfon assumptions:

[ Early, precavtionary evacuation within
1, Zor 3 miles and immediate shelter
elsewhere, in the event of a core r it
accident (Gcmnl Emergency),

0 In the further evert of an actual major
atmospheric release from containment,
people in shelters would relocate from
highly contaminated areas left in the
wake of the release.

It 1s noted that most core melt accidents
would not involve early containment failure (US7S,
USBZ, BaB4). Rather, it is estimated currently
that only about one out of ten core melt accidents
might Tead to an SST1 type of relegse, on the
dverage. For this reason, the phrase “early,

gncautiong evacuation...in the event of a core
me was used above.

A version of the CRAC2 code which provides
for three amergency response zones was used for
the calculations (US83a; US83b). People in
shelters were provided protection factors of 0.33
for each of the three major pathways-external
gammas from the plume, inhalation, and ground
contamination. These protection factors are
typical for residences with basements (US7S).

Evacuation was modeled in the first, or
near, zone by assuming a one hour delay after an
initial warning (e.g. declaration of a General

rgency the plant), and a 10 mph evacuation
speed radiaily away from the plant. Under this
assumption, ropl; begin to leave one-half hour
after the SST1 release begins. The assumption
that people leave one half hour after a major
release begins is a generally pessimistic one.
This certainly should not be the planned sequence.

;’hu;:)hcs heen noted previously (Ma’7, Ma80, Ma82,

The second, or mid, zone extended from the
inner zone to 10 miles. People in this area were
assumed to relocate after four hours exposure to
ground contamination left in the wake of the puff.
The third, or far, zone extended from 10 miles.
Here, people were assumed to relocate after eight
hours exposure to ground contamination. These
relocation times were estimates of the time 1t
would take to locate hot spots, provide notifi-
cations, and for people to move a short distance
(Ma77, USB4) away from the hot spots.

The New York City meteorological set in the
CRAC2 data files was used for the calculations,
This set contains rainfall about eight percent of
the time. Rain can cause heavier than normal
ground contamination. Also, the population distri-
butions fn the CRAC2 data sets were used.

RESULTS
Individual Risks

Principal results of the calculations are
displayed in Figure 4 and Table 2. As shown in
Figure 4, for an 800 megawatt - electrical LWR at
a coastal site in the U.S. zero early fatalities
was calculated for the most severe SST1 accident
postulated, for an early evacustion distance of
three miles. The uppermost curve in this figure
shows that the predominantly sheltering protective
action strategy clearly suffers by comparison to
the early, short range evacuation strateay. These
resuits bear out the fntuitive, qualitative perspec-
tive fllustrated in Figure 1,



ldentica) calculations were performed for
four other LWR sites in the U.S. Principal results
for these five sites are shown in Table 2. Although
the CRACZ population distributions of these sites
were used for the calculations, the results were
normal 1zed to S00 persons per square mile within
10 milec. The power levels of these LWRs ranges
over 2 factor of two. The results for the lowest
power 'evel are indicative of what results for the
highest power level would be with a factor = “wo
reduction in the SST1 source term.

Several interesting aspects of the results
are shown in, or may be inferred from, the informa-
tion in Table 2. There were no residents within
three miles of site number one, and zero early
fatalities was calculated. This {llustrates the
potential benefit of a very early evacuation of
nearby areas, 1.e. before a release given a core
melt. For the highest power levels, a few early
fatalities were calculated for SSTI for site
number two even with a three mile early evacuation
assumption. These people were caught by the front
¢7 the plume, in most cases. This was a high
population density site. In all cases, several
teny of persons suffered early injuries (e.g.
prodroma’ vomiting). These calculated injuries
occuri»d at various azimuths and to distances to
12.5 miles, but mostly well within 10 miles. The
total number of early injuries calculated is an
artifact of the CRAC code, which adds up calcu-
lated injuries wherever they are located. At any
particular azimuth, no more than a few early
injuries was calculated, which would be the case
for a single puff. Further, these injuries occurred
at low conditional probabilities.

In all cases, peak early fatalities and
injuries were associated with rainfall, a sudden
calm after transport, or stable meteorclogical
conditions (low wind speed, narrow plumes, nightime
conditions). Emergency planners should be espe-
cially aware of the import of these particularly
adverse, low probability weather conditions, which
iead to heavy ground contamination by particulates.
Separate calculations, not shown, indicate that for
the SST1 elease, calculated early injuries could be
eliminated by slightly smaller particulate source
termms (lower ground contamination), better shielding,
faster relocation or combinations thereof.

No early fatalities or injuries «ere calculated
for the SST2 and SST3 accident scenarios, for the
noted emergency response assumptions, at all power
levels. It should be clear from Figure 1 that
early, precautionary evacuation of nearby areas in
the event of a core melt accident would significantly
reduce individual latent cancer risks in the event
of a core melt accident.

Collective Dose

In contrast with individual risks of non-
stochastic effects, which would be relatively
near-field or close range effects, estimated total
latent cancers would increase monitonically with
distance. Further, for releases which include a
substantial abundance of long half-1 ved particu-
lates, the collective risk would be aisociated
with Tong term (years) exposure to gru'nd contamina-
tion. Thus, protective actions during the emergency
phase would provide little benefit in reducing
total latent health effects.

These perspectives are illustrated in Table 3
and Figure 5. Table 3 is a summary of pertinent
information in NUREG-0340 (US77), which {llus-
trates the pathway and temporal contributions to
tota) calculated latent cancer fatalities for the
PWR-1 and PMR-2 accident categories of the Reactor
Safety Study (US75). These accidents would be of
the 11k of SST1, and »ould include substantial
releases of long half-lived cesium radionuclides.
It is readily apparent frca this table that long
term exposure pathwayr would dominate the total
number of latent can:~rs. Only extensive and
expensive decontamination and condemnation
processes over the long term would be efficacious
in reducing total latent cancers.

Figure 5 11lustrates how collective dose and
total latent cancer estimates increase with distance.
This figure was taken from NUREG/CR-2239 (US82%).
Calculated total latent cancers accrue to large
distances, regardless of the composition and
magnitude of the release. Indeed, for the average
site fully half the latent cancers could accrue
outside of fifty miles from a release point
This phenomenon has been noted previously for
routine atmospheric emissions of pureiy noble
gases (Ma74). A corollary is that near field
emergency protective measures would provide little
benefit as n?u«ds the objective of reducing collective
dose and total latent health effects., However,
for a purely noble gas release the cloud (external)
?uu dose pathway would dominate. In this case

mmediate sheltering to large distances would be

an effective protective action to achieve the
objective of ndudn? total latent cancers ALARA,
esnciallﬁmn sheltering would not be inconvenient
anyway. is would be little different from an

air pollution alert.

The interlay between estimates of stochastic-
latent cancer fatalities and costs of condemnation
of contaminated property fs illustrated in Figure 6
for the 5ST1 accident at the Indian Point site.

The data points for this figure were obtained

from MUREG/CR-2239 (US82b). These are for various
dose projection criteria for land interdiction
(condemnation). Normally in CRAC2, people are
allowed to remain in contaminated areas where the
proioctcd whole body dose is less than 0.25 Sv (25
rem) in 30 years. As {llustrated in Figure 6, for
SST1 a very large increment in costs would be
incurred in reducing total latent cancer fatalities
by interdicting property at a lower dose projection.

One additional perspective is important in
this regard. For a core melt accident with failure
of containment, the constituents of a release may
not be known for some time (MaB0; MaB2). Thus,
the shelter to large dista.ce (where convenient)
option should be predetermined, as well as the
evacuation to short distance option, as an immediate
response to the declaration of a General Emergency
(core melt). Indeed, it was in this light that
the protective action assumptions |1isted under
CALCULATIONS, above, were made.

One caveat is important here, These collective
dose perspectives derive from the assumption of a
proportional relationship between risk and dose.



DISCUSSION

The calculations discussed above show that in
the event of a core melt accident early evacuation
of relatively small areas near a LWR and sheltering
elsewhere would provide significant reguctions in
individual risks of stochastic and non-stochastic
health effects. The simple emergency response
scheme suggested can be predetermined for specific
in-plant amergency action levels appropriate for
the General Emergency class. Because the actions
are so simple and easily understood, there 1s an
excellent chance the plan would work, 1f need be.

The early, immediate evacuation area suggested
by these calculations is the size of many low
oopulation zones around LWRs in the United States,
and the early evacuation radius (2-3 miles) is less
than the distance to the nearest population center
of 25,000 persons, or more, at most LWR sites in
the U.5.(US79). Thus, there should be few impedi-
uru to evacuation in these areas most of the
time.

A further conclusfon is that reduction
in collective dose and latent cancers would
be very difficult to achieve in the early
(emergency) response phase. Sheltering during
the pass of a predominantly noble gas re-
lease would be efficacious, but only if
sheltering to long distances were undertaken,

A few caveats to these conclusfons are
noteworthy: There are large uncertainties in the
absolute values of the results of the calculations.
Nevertheless, the relative potential benefits of
various evacuation/sheltering/relocation protective
action strategies should be clear, especially
where large differences in results are obtained.

At a few LWR sites in the U.S., and at many
foreign sites, heavily populated areas exist in the
near vicinity, which could make early, immediate
evacuation difficult, impractical, or impossible.
For these sites, better shielding protection factors
may pertain and smaller early evacuation distances
may be justified. On the other hand, some low
population zones persist for many miles, and early,
immediate evacuation of such areas may be a reason-
able objective for a core melt accident.

It is acknowledged that entrapment situations
can exist for some people or many people at some
time, Early, immediate evacuation may be physically
fmpossible or extremely hazardous during a snow or
fce stom, for example. Special amn?-um
should be made in emergency plans for identified
persons in early evacuation zones who suffer from
significant impediments to mobility. In the event
of a core melt during a high'y fmmobile situation,
e.9., the ice storm, remaining in shelter and
relocation from hot spots (1f a release occurs) as
quickly as possible would be the only reasonable
and practical alternatives. These are highly
unlikely combinations of unlikely situations and
the suggested protective action scheme should
satisfy the basic radiation protection objectives
for most people, most of the time.

Finally, as compared to the suggested
W protective action plans, protective
action csmunh“uu%uusn
any time. The distinction between ermined

actions and ad hoc actions 1s very important for
emergency planners.




REFERENCES

8484 Battelle Columbus Laboratories, 1584, “"Radio-
nuc) de Release Under LWR Accident Conditions,”
:;%00. Yols [-¥l, July 1984 (Columbus, OM

BuB4 Burke R.P., Hefsing, C.0., Aldrich, 0.C.,
1984, *In-plant considerations for off-site

“m"";’u‘:y;:m" accidents,” Health

In84 International Commission on Radiological
Protection, “Protection of the Public in the ivent
of Major Radiation Accidents: Principals for
Planning.* Report for Committee 4, Adopted by the
main Commission May 1984, [CRP/B4/C4-5/2.

MaZ4 Martin, Jr., J.A., *Calculations of Doses,
Population Doses and Potential Health Effects Due
to Atmospheric Releases of Radionuclides from
U.5. Muclear Power Reactors During 1971°,

Radiation Dats and Reports, 34 309-319, June 1974.

Ma77 Martin, Jr., J.A., 1977, "Doses while

traveling under well established plumes,” Health
Physics Jr., 32, 305-307.

MaB0 Martin, Jr., J.A., 1980, "Perspectives on the
role of radiclogical monitoring n an emergency,”
Trans. Am. Wucl. Soc., 34, 727-729.

MaB2 Martin, Jr., J.A., 1982, "LWR accident
spectrum-release characteristics and consequences,”
in Proceedings of the workshop on Meteorological
aspects of emergency mro plans for nuclear
power plants -0032, Agust 1982, U.S.
;r.‘;;or bnfcuu Commission, Washington, DC

US7S U.S.Muclear Regulatory Commission, 1975,
"Reactor Safety Study®, WUREG-75/014, Vi,
October 1975 (Washington, DC 20555). p——

0577, U.S. Muclear Regulatory Commission, 1977,
Overview of the Reactor hns Study Consequence
:.?l;és:::u-om. October 1977 (washingtonm,

US78, U.S. Muclear Regulatory Commission, 1978,
*Planning Basis for the Development of State and
Local Govermment Radiological Emergency Response
Plans in Support of Lignt Water Muclear Poser
Plants®, NUREG-0196, December 1978 (Washington,
0.C. 20%555).

Us?79, U.5. Muclear latory Commission, 1979,
*Demographic Statistics Pertaining to Muclear
Power Reactor Sites®, WUREG-0348, October, 1979,
(Washington, D.C. 20555).

USB0, U.S. Muclear Regulatory Commission, 1980,
*Criteria for Preparation and Evaluation of
Radiological Emergency %esponse Plans and
Preparedness in Support of Muclear Power Plants®,
gsms” 54, Rev |, November 1980 (wWashington, D.C.

Us8l, U.S. Muclear Regulatory Commission, 1981,
*“Technical Sasis for Estimating Fission Product
Behavior During LWR Accidents®, NUREG-0772, June
1981 (Mashington, D.C. 20555).

USBZa, U.S. Wuclear Regulatory Commission, 1982,
*The Development of Severe Reactor Accident Source
Terms: 1957-1981%, WUREG-0773, November 1982
(washington, D.C. 20555).

US82b, U.S. Muclear Regulatory Commission, 1982,

*Technical Guidance for Siting Criteria Develop-
ment® , NUREG/CR-2239, December 1982, prepared by
%::;’ National Laborstories (Washingtom, D.C.

US8la, U.S. Wuclear Regulatory Commission, 1983,
*Calculations of Reactor Accident Consequences
Version 2, CRAC2: Computer Code-User's Guide®,
MUREG/CR-2326, February 1983, prepared by
Saosn:;’ National Laboratories (Washington, D.C.
2 .

UsS83b, U.S. Muclear Regulatory Commission, 1983,
*CRAC Calculations for Accident Sections of
Envirommental Statements®, WUREG/CR-2901, March
1981, prepared by Sandia Mational Laboratories
(Washington, D.C. 20858).

S84, U.S. Muclear Regulatory Cosmission, 1984,
*Dose Calculations for Severe LWR Accident
Scenarios,” NUREG-1062, May 1984 (Washingtonm,
0.C. 20855).




Table 1: Characteristics of Postulated
Severe Accident Scemarios

Accident Type
Release
Characteristics T ST Y Ty
Warning Time Before 0.5 1.0 0.5
Release (hr)

Re'ease Duration (hr) 2 2 4

b
adt 11de lmm Fractt leas
im;." (8q)°
Xe-kr 13, 1.0 0.9 0.
I 27, 0.45 0.003 2
Cs-Rd 0.6 0.67 0.009 1
Te-5b 8. 0.64 0.03 2
Ba-Sr 14, .07 0.001 1
Ry 21, 0.05 0.002 2
La 110. 0.009 0.0003 1

8. As defined in the Reactor Safety Study (US?S).

b. For a 1000 MW(e) LwR one-half hour after shutdown at
end of core life (3 ulﬂ) (us78).

€. 1 EBq = | ExaBg « 10" disintegrations/sec. WNoble

ro glu I uq'iu equals 1.06 billion curies.

(«5) = 1 x 10

d.

Table 3: Temporal and pathway contributions to
Tatent cancer fatalities for severe
source terms

Exposure Pathway t Contribution®
and Na Frame . ~
External Cloud 1 1
Inhalation from Cloud 24 3
External Ground
(€7 days) 13 16
Externa) Ground
(D7 days) 4 (%)
Inhalation of

Resuspended Contamination L) 2
1 tion of

aminated Foods li TB

4. From WUREG-0340 (US77),
b. m"-': :: ..“mm ogim release
tor Saf St 75).
mn!mon«mm;“n?(w”

Y

add

Table 2: Results assuming SST1 and five
population distributions.
Early Mean Mean
Power Evacuation Number of Number o
Site Level Radius Early . Early
Number (M-e) (miles) Fatalities Injuries
1 1100 1,2, 43 o® 50
2 1100 i 50 200
2 20 100
3 ) 50
3 800 1 40 200
2 4 90
3 0 20
4 650 1 20 130
2 [ 70
3 0 60
1] 550 1 0 60

Normalized to 500 persons/sq mile within 10 miles.
No residents with three miles - equivaient to
evacuation before a release.

f
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X, ACUTE FATALITIES

Conditignal probabilities of various numbers of acute
fatalities, assuming SST1 accident, early evacuaticn
of small areas, and a slow relocation from highly

conteminated areas
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