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Abstract

A model is considered in order to evaluate the potential risk from a nuclear facility
directly combining the on-site meteorological data. The model is utilized to evaluate the
environmental consequences from the routine releases during normal plant operation as well
as following postulated accidental releases. The doses to individual and risks to the
population-at-large are also analyzed in conjunction with design of rad-waste management
and safety systems. It is observed that the conventional analysis, which is done in two
separate unaffiliated phases of releases and atmospheric dispersion tends to result in

unnecessary over-design of the systems because of high resultant doses calculated by

multiplication of two extreme values.
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1. Introduction

Conventional analysis of the environme-
ntal impacts due to releases of radioactivity
from nuclear facility, either routine releases
during normal operations or unexpected
releases during accident-conditions, are usu-
ally done in two separate and rather unaffi-
liated phases. The atmospheric dispersion

patterns, either long-term or short-term, are
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first determined from on-site meteorological
data; the calculation of the releases and the
doses is then carried out with these thus-
fixed atmospheric dispersion patterns.

The atmospheric dispersion patterns, co-
mmonly modeled as a diffusion process, are
usually expressed as a probabilistic distribu-
tion of a set of atmospheric dilution factors
%’s, which are functions of location and
time. There are several statistical reduction

procedures for evaluating the %—’s (1 thru
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5 and 11).Analyzing the atmospheric disper-
sion process independent from the pattern
of radioactivity releases does not correctly
evaluate the radiological consequences to the
public, especially for the releases from the
radioactive gas waste system and following
a postulated accident.
conventional approach tends to overestimate
the potential radiological consequences of
the fairly extended releases associated with

In particular, the

some postulated accidents; and certain unne-
cessary overdesigns of a nuclear facility
may result. Furthermore, the conventional
approach cannot be employed to correctly
evaluate the risks to the population-at-large.

In this study, a method which directly
incorporates on-site meteorological data into
the evaluation of radiological consequences
is proposed; a dosematrix, formulated by
modeling the sequential behaviors of the
radioactive plume on an hourly basis, is
used to define the probabilistic distribution
of radiological consequences, From this
dose-matrix, the radiological consequences at
any desired probability-level, as well as the
associated risks, to individuals and the
population-at-large can then be determined.

2. Description of Model

2.1. Formulation of Dose Matrix

The radiological consequence to an indivi-
dual at the location (r,6), due to a release
of radioactivity @;(¢) and over a duration 7T,
can be written as

D(r,6) = dzl e :U ) Q: (t)% (r, 6, t)dt

(n
where
D(r, 6) =dose to an individual at location
: (r,6), rems.
es=dose conversion facter for nucli-
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de i, rem/hr per Ci/m® for
external exposures or rem/Ci
for inhalation doses.

U (t) =usage factor at time t; for exte-
rnal exposures, it is simply the
occupancy-factor; for inhalation
doses, it is the product of the
occupancy-factor and the brea-
thing-rate, m*/hr.

@; () =release characteristics for nucli-
de 7, Ci/sec.

%(t):atmospheric dilution factor at
location (r,6) and at time ¢,
sec/m?>.

On-site meteorological data are generally

expressed, in compliance with Regulatory

Guide 1.23°, as an ordered sequence of

hourly-averaged meteorological parameters.

From these data, the hourly atmospheric

dilution factors are calculated. Writing the

hourly % during the hourly interval (¢;—

tj-1) as (%)J (r, 60)

nuclides NT ¢
Doyoy="2" & L @u(5)n0) @

and

ti
Q= j U (8)Q: (t)dt (2-a)
t:

j~1

where N is the number of hours within
the period T, 6, is the direction of sector #,
1<k<16.

" For a full years’ meteorological data with
M valid hourly observations, a sequence of
M hourly-averaged —é)i’s can be obtained for
each of the 16 sectors-a lot of them may be
zeros. The probabilistic distribution of radi-
6logical consequences can then be formulated
by sequentially imposing the release function
in terms of a 16xM dose-matrix D, whose
element is of the form
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nuclides

N
D) =""E e LG (10D
where
m’=m+j—1, for m+j—1<M
m+7—1—M, for m+j—1=M (3-3)
From the dose-matrix D, the individual
doses and risks, as well as the population

doses and risks, can then be determined.

2. 2. Individual Doses

The dose-matrix D thus formulated defines
the probabilistic distribution of radiological
consequences to an individual, for any ca-
tegory of release of radioactivity. For routine
and constant releases of radioactive effluents
from a nuclear facility, the annual doses to
an individueal at the location (7, 6:) are then

D(r,6) =Dy () =Dus () =++=Dh,
with Nyp=A (4)
where D(r,6) is the annual individual-
dose, rem/yr and @;;, used here for evaluati-
ng the matrix-elements, are just the average
hourly releases of radioactivity. In this case,
the dose matrix method becomes the same
as the conventional way of dose calculation
using the annual average —)-(—since the release

e

function is constant with respect to time.
For short-term releases of radioactivity
due to anticipated transients and postulated
accidents or periodic intermittent releases,
the dose-matrix D defines the probabilistic
distribution of doses to an individual wei-
ghted by the time-dependent release function;
each matrix-element represents one equally-
probable value of the radiological conseque-
nces. From this matrix, the radiological
consequences corresponding to any probabili-
ty-level (e.g. 5%-level or 50%-level) can
then be evaluated easily in a manner similar
to that used conventionally for determining

the 59;-level or 50%-level —‘g—’s

or in a sto-

chastic approach.

For example, this method will yield
slightly lower values for the 0-2 hours indi-
vidual doses following a LOCA and signifi-
cantly lower values for the 0-30 days
as compared with the

conventional method. The 0-2 hour %s used

individual doses,

in the conventional analysis, for any proba-
bility-level, are actually the hourly —‘g’-s
thus conservative in assuming that the limi-
ted meteorological conditions will persist
during the second hour. In the 0-30 days
analysis (conventionally divided into 0-8
hours, 8-24 hours, 24-96 hours, and 96-720
hours), the %s used actually correspond
to the statistically reduced values for 0-8
0-16 hours, 0-72 hours, and 0-624
hours respectively; such an approach is

hours,

completely unrelated to actual phenomena
and will grossly overestimate the contribu-
tions from time-periods after the first one.

2.3. Population Doses

Based upon the dose-matrix D thus formu-
lated, the probabilistic distribution of popu-
lation doses can then be expressed in terms
of the M-dimensional dose-vector ﬁ whose
elements are of the form

distance sechrS(D:mP;l+Dl Ps ) (5)

km  klm

H,=

i

where H, is the population dose, man-rems
i

Dk ED,,H<—%(r,+r,+1)), element of matrix
D, P is the residential population in sector
—_— kI

k, between the distances #,_; and 7;; P;,,. is
the seasonal population in sector k£, between
the distances 7,_; and 7, during the m*
time-interval.

Assuming no seasonal change in populati-
on distribution, for routine releases of radio-
facility,
the annual doses to the population-at-large

active effluents from a nuclear

are then:
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H=H,=H,=-= Hy,, with N;=M (5)
‘where H is the annual population dose, man-
rems/yr.

For short-term or periodic releases of
radioactivity, the probabilistic distribution of
population doses is represented by the dose-
‘vector ﬁ; each element of H then represents
an equally probable value of the population
doses. From this dose-vector I_f the popula-
tion doses corresponding to any probability-
level (e.g. 50%-level) can be then be easily
obtained.

For the areas of large seasonal change of
populations and meteorological conditions
around a nuclear facility, this method is
expected to yield slightly different results
for the population doses, as compared with
the conventional method due to its more
precise treatment of the seasonal population.

In accordance with Regulatory Guide 4. 27,
the applicant of a nuclear facility is required
to evaluate the radiological consequences of
nuclear accidents to the population-at-large.
In the conventional analysis, the doses are
first evaluated as functions of distance,
using the 50%-level %s; the resultant do-
ses are then integrated over the population
distribution, and weighted by the wind-fre-
quencies in the sectors, to yield the popula-
tion doses. However, the population doses
analyzed by this method does not physically
correspond to the radiological conseque-
nces to any probability-level. At best, this
method may provide an educated guess about
the order-of-magnitude of the mean value of
the population doses. The dose-vector ﬁ
thus formulated in this study, describes the
entire spectrum of the radiological consequ-
ences of a nuclear accident to the population-
at-large. From this distribution, the values
of the population doses corresponding to any
desired probability-level, as well as the mean
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value, can be easily obtained. More importa-
nt, this dose-vector Ff: can be used for the
evaluation of the population risks while the
conventional method is not applicable.

3. Application of Model

As an illustration of this approach to
assess radiological consequenes, the off-site
wholebody doses due to a Loss-of-Coolant-
Accident (LOCA) type of release of radio-
activity are analyzed with this method and
compared with the conventional method.
The meteorological parameters are based on
one years’ on-site data for a potential site in
the Southern United States. The results are
shown below in Table 1; the assumptions
used in the analysis are given in Table 2.

Table 1. Individual Doses Due to LOCA-Type
Release

wholebody doses, in rems

Dose-Matrix Conventional

Method Method

0-2 hours at 500 meters

5%-level 21.0 28.7

50%-level 2.25 2.63
0-30 days at 2 miles

5%-level 0.920 2.17

50%-level 0. 155 0.415
Overall Zero-Dose

Probability
0-2 hours 90. 8% N/A
0-30 days 0.291% N/A

From the results of the analysis, it is
seen that the 0-2 hour doses are fairly close
for both methods; however, the 0-30 day
doses are quite different for the two methods.
The conventional method yields results more
than twice as large. These results can be
understood by examining closely the behav-
ior of the radioactive plume.
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Table 2. Assumptions* for Evaluating Whole-
body Doses Due to LOCA-Type Release

Radioactivity Inventory PSNH-PSARS, Table

in Core 15.4-2

Releases into Contain- Instantaneous
ment
Noble Gases 100%

not considered

0.1%/day (for the dura-
tion of the accident)

Todines and Solids

Containment Leakage

Radioactive Decay only simple decays con-

inside Containment sidered: no parent-
daughter  transitions
considered

Radioctive Decay in not considered

Flight

Deposition, Rain, etc. not considered

The dose-matrix method as formulated in
this study traces the statistical behaviors of
the plume very closely, accounting for any
change in atmospheric stability or wind-
speed as well as any shifting in wind
direction, on an hourly basis. Thus, this
method closely simulates the real-life situa-
tions.

In the conventional method, the 0-2 hours
Q{Ls used are actually the hourly —‘g—’s, at

9
any given probability-level. This does not
meteorological

have any provision for
changes dnring the second hour of the time-
period. With the initial hourly %s defined
at the a%-level, the conventional -2 hours
X s actually correspond to a probability-
level lower than the a%-level. Thus, the
conventional method tends to slightly over-
estimate the 0-2 hours doses.

The 0-30 days —‘g—’s used in the conventi-

onal analysis are actually the —‘gLS for the
time intervals 0-8 hours, 0-16 hours,0-72 hours
and 0-624 hours; each of these —‘gAs is indi-
vidually determined at the same a% probab-
ility-level. However, the atmospheric diffusion

* These assnmptions are common for both models.

sequence resulting from the combination of
these ‘-é)( s corresponds to a probability-level
much lower than the intended a%-level.
Thus, the conventional method tends to be
overly conservative in evaluating the 0-30
day doses.

In this study, the zero matrix-elements in
D are first dropped, and only the distribution
of non-zero elements is used for the determi-
nation of the radiological consequences for
various probability-levels. This is consistent
with the traditional way of determining the
a%;-level -%s. However, it is interesting
to note that the 0-2 hours zero-dose proba-
bility for this case is evaluated to be as
high as 90.8%. By defining the a%-level
dose as the value which is only exceeded
a% of the time during the period of release
in all sectors(i.e. including the zero-elements
in the dose-distribution), the resultant §%
0-2 hours wholebody dose is 1. 80 rems at 500
meters, and the corresponding 50%-level

value is zero.

4. Discussions

It is recognized that no radioactive decay
in flight has been considered in the present
formulation of the dose-matrix. Also, envi-
ronmental removal-mechanisms such as de-
position and rainout have not been conside-
red in the present formulation. This may
lead to overestimates of the impacts due to
releases of radioactivity, especially the popu-
lation exposures. It is simple in conception
to modify the formulation of the dose-matrix
However,
these processes are functions of the wind-
speed as well as the atmospheric stability-
classes, which may vary from one hour to
another. Thus, such modifications may cost
significant increases in computer running

to incorporate these processes.
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time. It is recommended that future efforts
are to be made to include modifications,
which should correctly and efficiently acco-
unt for these processes, in a more generali-
zed formulation of the dose-matrix.

In the present formulation of the dose-
matrix, a full years’ meteorological data
with a high percentage of recovery (90% or
better) is assumed. However, questions can
be raised about whether reasonable estima-
tes can be made without 909 data recovery
or a full years’ data. SRP 2,3.3° and Regu-
latory Guide 1.23% infer that at least one
full years’ meteorological data with 90%
data-recovery should be achieved in order to
provide an adequate assessment of the site
diffusion conditions. In practice, this may
not be easy to achieve; natural events such
lightning

as windstorms, icestorms and

usually stress severely the capacity of
present-day meteorological equipment. For
some sites, only six months worth of data
may be available for making design decisio-
ns. A study by Woodard!®,

meteorological data from ten different nucle-

surveying the

ar reactor sites, suggested that the average
deviation from the values based on a full
for nine months’
and about 10% for six
months’ worth of data;

years’ data is about 4%
worth of data,
these estimates
were made for the 5%-level —‘g—’s. Howe-
ver, besides dependent upon the distribution
of the states, the

sensitivity of the dose-matrix is also depen-

initial meteorological
dent upon the transition-probabilities of
these meteorological states into one another.
It is thus recommended that future efforts
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are to be made to investigate the sensitivity
of the dose-matrix in this respect.
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