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MEMORANDUM FOR: Melvin Silberberg, Chief
Fuel Systems Research Branch
Division of Accident Evaluation, RES

FROM: L. G. Hulman, Chief
Accident Evaluation Branch
Division of Systems Integration, NRR

SUBJECT: CONSEQUENCE CALCULATIONS FOR NUREG-0956

Attached is a description of the consequence calculations performed for
NUREG-0956. The enclosure describes the input used, results obtained and some
important sensitivities.

This work was the result of a team effort within the Accident Evaluation
Branch, and significant contributions were made by Len Soffer, Larry Bell,
Robert Buck, Mike Mcdonald, Gene Suh, and Karen Thornton. Contributions were
also made by D. Cleary, Site Analysis Branch, and I. Spickler, Meteorology
and Effluent Treatment Systems Branch. Modeling of emergency protective
measures was coordinated with I&E.

We have also transmitted the input data for these calculations to Sandia
Laboratories, to be used for the forthcoming 5 plant risk study (NUREG-1150),
sponsored by Research.
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Enclosure

CONSEQUENCE CALCULATIONS FOR NUREG-0956

Consequence Model and Inputs

Consequence calculations for the Surry plant were performed for four separate
cases of accident frequencies and release categories using the CRAC2 computer
code. This code represents an improved version of the consequence model
(CRAC code) used in the Reactor Safety Study, WASH-1400, and is more fully

described in References 1 and 2. To provide assurance that the code would
yield results consistent with the CRAC code used in the Reactor Safety Study,
sensitivity studies were done using both codes. These were found to give very
similar results for 3 risk measures, mean early fatalities, mean latent cancer
fatalities and interdicted land area.

While carrying out the calculations for the report and making use of the
option of a non-evacuating portion of the population, a coding error was
identified by Sandia Laboratories in several (early fatalities and early
injuries)ofthecomplementarycumulativedistributionfunctions(CCDF).
Thesequantitieswerecorrectedbyhandtabulationsandourcontractor(0RNL)
was requested to provide code corrections, after consultation with Sandia
representatives.

Unlike the Reactor Safety Study, which used information based upon a composite
of several sites, the calculations for this study used as much information
specific to the Surry site as was available. The population distribution in
the vicinity of the Surry site was used out to a distance of 350 miles from
the reactor. This information was based upon the 1980 census residential plus
estimated average daily transient population. A tabulation of this data is
shown in Enclosure 1. The meteorological data used was hourly wind speed,
stability class and precipitation data from the Shearon Harris site, located
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I in Wake County, North Carolina, since this data was not available for Surry in
sufficient detail for use with the CRAC2 code. The Shearon Harris site was)_
judged to be very similar to Surry in these parameters. The wind rose (see

, ,

Enclosure 2), or, the probability of the wind blowing in each of the 16
,

| compass directions used for the calculations, was provided by METB and made use

i of Surry meteorological data.

: Parameters describing the emergency protective actions to be taken by the
' public to mitigate accident exposures are an important input to the code.,

1 These were revised from the values used in WASH-1400, where a key-hole shaped

evacuation was assumed which extended for 5 miles in all directions and for;

; 25 miles in the downwind directions. Consistent with resolution of severe
j accident issues between NRC and IDCOR (see Ref. 3), it has been agreed to
a

; assume that a small fraction of the population would not participate in

f evacuation. Five percent of the population within 10 miles was assumed not to t

evacuate, but carried on their normal activities for a period of 24 hours
after a release. After this period, this population segment was assumed to be

,

! relocated to an area of no further radiation exposure. The remaining 95
percent of the population within 10 miles of the reactor was assumed to
evacuate after being advised to do so. This group was assumed to delay for a
one-hour period for activities such as preparation and mobilization, including

i gathering of belongings and assembling family members prior to movement.
Their movement was modeled as an effective radial speed away from the reactor
of 2.7 miles per hour. This accounts for time delays due to traffic
congestion as well as the fact that the road network in the site vicinity does

| not lead radially away from the reactor. The delay prior to evacuation and
the effective speed of movement were based upon analyses presented by the:

{ licensee (Ref 4) for the " winter weekday" scenario. Variations in these ;

i

i assumptions are possible and are discussed below. Members of the population
located beyond 10 miles were assumed to be relocated 12 hours after a
release. '

*
:

1

i To obtain a distribution of consequences, the calculation were performed
|

| assuming the occurrence of an accident release at each of many " start" times. '

I In order to choose start times, all the meteorological data for one year were., i
j .- |

I
'

!
i
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-sorted into bins based upon meteorological characteristics they have in
common. Start times were chosen from each bin randomly and the results
weighed by the frequency of each bin.

It is also important to recognize that the CRAC2 code assumes that all
radionuclides are released at a uniform rate over the time duration specified
as input to the code. It has been recognized that this is an improper
characterization, since BMI-2104 indicates that the noble gases and the more
volatile species tend to be released relatively early, while the more
refractory materials are released later. The CRAC2 code, however, does not
have the capability of modeling such a time dependency for a given release.
Some limited parametric calculations were made by varying the release duration
and are discussed below. Research efforts, currently in progress, are
expected to lead to a consequence model with time-dependent capability within
the next several months.

Results

Calculations were performed for four different cases for the Surry plant.
These were: Case I - WASH-1400 Smoothed Release Categories PWR1 through PWR7

using WASH-1400 release values (see Table 1); Case II - WASH-1400 Unsmoothed

Release Categories PWR1 through PWR7 using WASH-1400 release values

(seeTable2);CaseIII-BMI-2104fissionproductreleaseinsights(see
Tables 3 and 4); and Case IV - BMI-2104 fission product release and
containment insights. The release fractions for Cases III and IV were the
same; Case IV made use of different bin probabilities (see Table 5).

Results of the consequence calculationt are presented for two measures of
health risk to the public: early fatalities and latent cancer (including
thyroidcancer) fatalities. These represent only two of the many potential
impacts of severe accident releases, but were chosen because they display two
important measures of accident consequences. These measures can be used to
form a perspective on accident risk, as well as to compare changes in fission
product release and transport and containment behavior of the present work
against those of the Reactor Safety Study. For more complete discussions of

accident impacts, the reader is referred to recent Environmental Impact

_. ___-___ _ _ _ _ _ _ _ _ _ _ _ _ -
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Statements (EIS) (see Reference 5), issued by the NRC staff, and to the
Reactor Safety Study (Reference 6).

.

The results summarizing the consequence calculations are shown in Tables 6 and

7. Table 6 shows the mean or average results for early and latent fatalities
for each of the 4 cases discussed above. The values are given in terms of
their probabilities of occurrence, per reactor-year, and are the average
values for any given year of reactor operation. Table 7 shows the mean or
average consequence, conditional upon the occurrence of a core-melt (the
average values that can be expected to result, assuming that a core-melt has
occurred). There is a large variation in the possible outcomes, or
consequences, for a given core-melt. This variation is due not only to large
differences in the magnitude and timing of radioactivity release, but also to
differences in meteorological dispersion and wind direction. Differences in
emergency response by the population will also affect these results. The mean
results represent the average of all the accident consequences over variations
not only in accident sequences, but meteorology and wind direction as well.
To present a perspective of the range of these consequences, the distribution
of these outcomes have been presented as a Complementary Cumulative

Distribution Function (CCDF). This presents information on the probability
that a consequence equal to or greater than a given magnitude will occur.
Figures 1 and 2 present the CCDF's for early fatalities and latent cancer
fatalities respectively, for the 4 cases evaluated. It should be noted that the
peak values, or highest magnitude values, shown on each CCDF curve, result
from the greatest release coupled with the most adverse meteorology. The peak
value is typically 3 to 5 orders of magnitude less probable than more typical
values for such events. In addition, the uncertainty involved in estimating
peak values is significantly greater than for more typical values because,
among other factors, the reproducibility of the meteorological data becomes
questionable for very unusual situations that may be observed only a few hours
in each year.

From Tables 6 and 7, it can be seen that mean early fatalities are about an
order of magnitude less for Case IV, vs. the unsmoothed insights of WASH-1400

in Case II. Mean latent cancer fatalities are about a factor of 4 less for
the same two cases, respectively. It is of special note that the CCDF's for

- _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ . .___ __ ____ -__-__-_ _ _-
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early fatalities show that the peak values for Cases III and IV are predicted
to be reduced about two orders of magnitude below those for Case II.

Sensitivities in Emergency Protective Measure

Two sensitivities in results to changes in emergency protective measures were
explored. The first examined the change in consequences that would occur
assuming that 100% of the population participated in evacuation (at the
licensee analysis evacuation speed of 2.7 miles per hour). A second variation
also assumed 100% participation in evacuation, but at a faster evacuation
speed of 6.5 miles per hour. The mean conditional consequences for Cases II,
III and IV for these variations are shown in Tables 8 and 9. These tables
also show the conditional expected early injuries as well as early fatalities
and latent cancer fatalities.

Comparison of Tables 8 and 9 with the results shown in Table 7 indicates that
the assumption that a portion or fraction of the population does not
participate in evacuation has a significant effect upon estimated early health
effects. For the WASH-1400 unsmoothed results (Case II), early fatalities are
reduced by about a factor of three in going from a 95% to a 100%
participation. For the BMI-2104 cases (cases III and IV), early fatalities

'

are predicted to be completely eliminated for the 100% evacuation case. In

contrast, increasing the evacuation speed from 2.7 to 6.5 miles per hour
appears to have no significant effect on the consequences. The reader is
cautioned, however, because of the limited data that one cannot infer that
evacuation speed has no effect upon consequences. It is also clear from
inspection of Tables 7, 8 and 9 that latent cancer fatalities do not appear to
be significantly affected by changes in evacuation participation or evacuation
speed.

Sensitivities in Release Timing

A number of the sequences have releases extending over a period of many
hours. Reference 7 (BMI-2104) has indicated that not all of the radioactivity
is released uniformly in time, and that the noble gases and volatile fission
products are released early while the more refractory fission products are -
released significantly later. A precise treatment of the time dependency of

.
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these releases is not possible with the CRAC2 code, which has the limitation
that all releases must be uniform over the time duration specified. Also,
releases longer than 10 hours in duration cannot be modeled.

Some very limited parametric calculations were undertaken to gain insight into
the possible effect of these limitations. The sequence AB-8 for the Surry
plant was analyzed at the end of 4 hours and at the end of the sequence which
was modeled as lasting 10 hours. The plume characteristics and release
fractions are shown in Table 10. Consequence calculations were made for these
two sequences and the mean values of early fatalities and total latent cancers
are shown in Table 11. The results indicate that both early effects, such as
early fatalities and latent health effects, are affected by judgments made
regarding the release duration. Where the noble gases are released early, it
appears to be non-conservative from the standpoint of estimation of early
health effects, to model the release as a long-duration event where the same
quantity of noble gases are released over 10 hours rather than 4 hours. For

estimation of latent effects, on the other hand, it is important to model the
entire release over its full duration.

Uncertainties

Some understanding of the uncertainties is necessary for a fuller appreciation
of the results. A good discussion of uncertainties in this regard is given in
Reference 5.~ This points out that major contributors to uncertainty are the
probability of occurrence of the accident sequences, quantity and chemical

' form of the radioactivity released, atmospheric dispersion modeling and other
errors of completeness in modeling. Other areas of uncertainty include
estimation of health effects resulting from radiation exposure. A major
purpose of NUREG-0956 is to reduce the uncertainty in the quantity and timing
of radioactivity released. However, the uncertainty in the remaining factors
exists.'

,
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TABLE 1 SUMMARY OF RELEASE CATEGORIES REPRESENTING HYPOTHETICAL ACCIDENTS

s1 et = , ,,,_,,,,,,,_,,,,,,,,,,senoe er Dur. stem a. noe
of Seleses ,, Beergy Delea,se o,,,, g e , N , t o' co-ph T -eb se-se emiel f.eRelease puebehility,I telease of Release for Evacusties
(meteral (106 ,,,fg, , , , , ,

cm ; tresa. - ; l thrt the) thrt -8

rum 1 9 a 10" 2. S 0. 5 1.0 25 20 and S20 *3 0.0 6 a 10'3 0.7 ,,
0.4 0.4 0.05 0.e 3 a 10

1 -3
7 a 10* 3 0.? 0. 5 0. 3 0.06 0.02 e 10

0.9
fua 2 0 a 104 2.5 0.5 1.0 0 g 70 *3

0.s 6 m 10-3 0.2 0.2 0.3 0.02 0.03 3 a 20

rum 3 4 a 10 S.O 1.S 2.0 0 6
0.6 2 a 10*3 0.09 0.04 0.03 S m 10* 3 3 a 10-' 4 a 10

PWR 4 S a 10-7 2.0 3.0 2.0 0 g -5
0. 3 2 m 10-3 0.03 9 a 10* 3 S a 10-3 1 a 10-3 6 s 10-4 7 a 10

74m S T a 10*? 2.0 4.0 1.0 0 0.3 -5
0. 3 2 a 10-3 0 s 10-4 e a 10*4 1 a 10-3 9 m 10-5 7 a 10-S 1 a 10

*I
pua 4 4 a 10-4 12.0 10.0 1.0 0 m/a 4 1 a 10-4 2 e 106 s 10-3 2 s 10-5 2 s 10*S 1 s 10-5 2 s 10-S 1 a 10
rum ? 4 e 10-$ 10.0 10.0 1.0 0 m/n

W 2 a 10-3 S s 10-6 1 , 30-4 5 10 1 a 10-6 1 a 10-0 0 e-4

fut 0 4 a 10*S 0. 5 0.S m/m e n/a
3 s 10-0 7 s 10-' I a 10-7 6 a 10*? 1 a 10*' 1 a 10-11 0 0 g

sua 0 4 a 10*4 0. 5 0.5 m/h 0 m/n
..

BWR 1 1 s 10-4 2.0 0.5 1.5 25 1 30 1.0 7 s 10-3 0.40 0.40 0.70 0.05 0.9 5 s 10'3 ,

But 2 4 s 104 30.0 S.O 2.0 0 30 10 ? s 10 0.90 0.50 0.30 0.10 0.03 4 s 10'3~3

e a 10'3
pJ sum 3 2 a 10-5 30.0 3.0 2.0 2S 20 1.0 7 s 10-3 0.10 0.10 0 .30 0.01 0.02

Sum 4 2 a 104 S.O 2.0 2.0 25 m/n 0.6 7 a 10'8 0 a 10** S a 10* 3 4 x 10'3 6 a 10-4 6 s 19'' 10'

sum S 1 a 10-4 3.5 S.O m/a 150 n/a S a 10-4 2 a 20*' 6 a 20"II e a 10 ' e s 10-13 e s 10-18 0 ,
-

as

6

fa) nockgreWhd en the tuotope gronque and rolesse machemismo le presented la appendis VII.
(b) Ortenio teeine la sembined with elementet todinee in the calculatione. Any error le negligible slace its re14ees

#fraction to relatively ena11 for all large release categories.
4

(e) Inclo$ee me, Rh, (b, Mm. h.
(4) 1meleasa T 1a. Ir, ID. Co, pr. 36. NP, pu, as, CE. ,

within PWR 1 estegory have two distinct energy releases that effect consequences. 9WR 1 catepry(e) accleant . 6 Ste/hr and run 13 with ais e@ divided tats pun la with a puebability of 4 x 10*7 per reactor-year and 20 a 10
probability of S a 10*I per reactorw and $20 a 106 ste/hr.

|(f) not applicable.
tel a 10 meter elevetlan to need in piece of sere representing the mid-point of a potential containment breet. any

1spect en the reemite would be e11ght and conservative.
i
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Tabla 1 Unseoothed frequenci:s for Ptat *

Reactr.r Safsty Study M19:s2 cr.tegories . .
,

Release Category .

Sequence Type 1 2 3 4 5 6 7,

Large LOCA 2.5x10 88 1.6x10 88 4.9x10.s 1x10 4 7x10 ' 1.3x10 ' 3x10 8

$ mall LOCA($s) 7x10.se 5.6x10 88 1.2x10 ' 1x10 88 1.1x10 8 2.7x10 * 6x10 8 I.

$ mall LOCA(5 ) 2.2x10.s 1.6x10 * 2.3x10 * 1x10.se 3x10.s 2.9x10.s 1.5x10.s
3

Vessel Rupture 2x10. n 4.1x10 88 1x10 ' 0 0 0 1x10 7

V 0 4x10 * O O O O O
-

Transient 3x10.s 2.7x10 8 1x10 7 0 6x10 88 6x10 7 1x10.s

Total 5.3x10.s 6.7x10 * 2.6x10 * 2.1x10 81 4.9x10.s 6.3x10 7 3.4x10.s
.
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Table 4 Assignment of Reactor Safety Study frequencies to
.

BMI-2104-based source term bins
__

!
.

.

Bin Reactor Safety Study Sequences and Frequencies

~

1 2x10.s (TMLB'6) 5.3x10.s (all PWR1) = 2.1x10 8

2

3 3.4x10 7 (all a in PWR3)
4

5 1x10 s (AF6) 9x10 8 (AG6) 3x10 s (S F6) 3x10 s2

(S GS) 1x10 7 (S F6) 9x10 s (S G6) = 2.7x10 7t 2 g

6

7 4x10 8 (ADp) 3x10 8 (AHp) 5x10 8 (S Hp) 6x10 8 (5 05)y 1

2x10 s (5 0s) 1x10 s (S Hp) 3x10 20 (TMLS) 3x10 10 (TKQs)2 2

= 4.9x10.s

8

9 7x10 7 (TMLB'y)

10

11

12 4x10 s (y)

13 6.3x10 7 (all PWR6)'

14 3.4x10 s (all PWR7)

| 15 2x10 s (3 C)2
!

'

r

l

|

.

;

i
' *.

l.
|

I
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Core melt frequencies for BMI-2104-based source termTable 5

bins with containment reevaluation
.

-

Bin Frequency
*

.
.

1 4.1 x 10 s
2 2.4 x 10 7 _

3 3.1 x 10.s
4 7.1 x 10 7
5 2.7 x 10 7
6 6.6 x 10 8
7 6.8 x 10.s
8 2.7 x 10.si

9 6.6 x 10 8

10 7.5 x 10 7
11 3 x 10 8

12 1 x 10.s
13 3 x 10 7

14 8.5 x 10.s
15 2 x 10 s

|
|

|
-

|
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- Table 6 Surry results - absolute probabilities

WASH-1400 Smoothed Mean per reactor year
Case I "

Early Fatalities 6.4x10.s |-
.

-

Latent Cancer Fatalit'es 2.2x10-2
.

~~

WASH-1400 JJnsso6Tfiit- Mean per reactor year6Case II -

Early Fatalities 4.0x10 s

latent Cancer Fatalities 1.6x10-2
.

BMI-2104-Based Source Terms * Mean per reactor year
Case III -

Early Fatalities 1.1x10.s

LatNntCancerFatalities 6.7x10-3
~

~

Containment Reevaluation * Mean per reactor year
Case IV -

3.1x10 8Early Fatalities
3.4x10-3Latent Cancer Fatalities
-

*Using WASH-1400 core-melt probabilities.

;
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Table 7 Surry results -- conditional on core melt *
i

Case I . WASH-1400 Smoothed Mean
'

-

Early Fatalities 1.1

Latent Cancer Fatalities 360.
-

WASH-1400 Unsmoothed MeanCase II -

Early Fatalities 0.9

Latent Cancer Fatalities 350.

BMI-2104-Based Source Terms ** MeanCase III -

Early Fatalities 0.25*

Latent Cancer Fatalities 150.
~

,

Containment Reevaluation ** MeanCase IV -

Early Fatalities 0.07

Latent Cancer Fatalities J7.

* Probability of core melt for Case I = 6.0 x 10 s
Probability of core melt for Case II = 4.4 x 10 5
Probability of core melt for Case III = 4.4 x 10.s
Probability of core melt for Case IV = 4.4 x 10 5

**Using WASH-1400 core-melt probabilities.

.
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Table 8 - Surry Results
Conditional on Core-Melt

100% Participation in Evacuation at 2.7 Miles / Hour

Case II WASH-1400 Unsmoothed
Mean

early fatalities 0.27
early injuries 146.
latent cancer fatalities 330.

Case III - BMI-2104 Fission Product Release Insights
Mean

early fatalities 0.
early injuries 27.
latent cancer fatalities 150.

Case IV - BMI-2104 Insights Plus Containment Re-evaluation
Mean

early fatalities 0.
early injuries 7.8
latent cancer fatalities 78.

.
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Table 9 - Surry Results
Conditional on Core-Melt

100% Participation in Evacuation at 6.5 Miles / Hour

Case II - WASH-1400 Unsmoothed
Mean

early fatalities 0.27
early injuries 145
latent cancer fatalities 370.

Case III - BMI-2104 Fission Product Release Insights
Mean

early fatalities 0,
early injuries 27.
latent cancer fatalities 150.

Case IV - BMI-2104 Insights Plus Containment Re-evaluation
Mean

early fatalities 0,

early injuries 7.8
latent cancer fatalities 77.
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Table 10 -
.

Release Fractions vs. Timing

] Sequence AB-B (Surry)

Release Fractions
Time Release Rel. Warning Energy

,

Assumption Time Duration Time ofgel. Xe, Kr I Cs Te Ba Ru La-
,

(hrs) (hrs) (hrs) (10 BTU /hr) !,

!
'

8E-23.4E;25.1E-22.5E-3|;4.3E-3End of . .

4 hrs 0.5 3.5 0.2 0.2 0.9 8.1E-2
!

>
9 !

Total
'

| Duration 0.5 10. 0.2 0.2 0.9 8.7E-2 8.7E-2 6.6E-2'7.6E-2'2.9E-3 7.5E-3
i L

4

\

j

i

I o

i
i
i

4

I

4

e

.

.

I

3 : .

!

!

. _ .
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Table 11

Conditional Results - Sequence Duration

AB-B (4 hours) Mean

early fatalities 2.2 x 10-2

latent cancer fatalities 280.

AB-B (Total)

early fatalities 0.

latent cancer fatalities 436.
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