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ABSTRACT

The Nuclear Regulatory Commission (NRC) is in the process
of promulgating a proposed rule 10 CFR Part 54,
'Requirements for Renewal of Operating Licensees for
Nuclear Power Plants,* which will allow licensees to renew
the operating licenses on their nuclear power plants for an
additional 20 years beyond the original 40-year limit A
Generic Environmental Impact Statement (GEIS)' was
prepared by the Oak Ridge National Laboratory (ORNL) in
conjunction with and for the Nuclear Regulatory Commission
to assess the environmental issues associated with this
proposed rule. The evaluation of the environmental impact
from postulated severe accidents was included in the GEIS.
During this evaluation, of postulated severe accidents, a
method was developed to estimate the public health
consequences of atmospheric releases from severe accidents
that is much simpler to use than existing consequence
computer codes. From the results of this work, it is
concluded that f/ie simplified methodology does provide
reasonable and conservative estimates of public risk from
atmospheric releases from severe accidents.

I. DISCUSSION OF METHODOLOGY

Ir. the evaluation of the environmental impacts of
license renewal, the consequences of postulated nuclear
power plant accidents were an issue that required
examination, particularly accidents resulting in significant
airborne releases. However, incomplete data were available
on the prediction of such consequences across the entire
nuclear plant population. Of the 74 commercial nuclear

power sites, only 28 had severe accident analyses available,
and the cost and time necessary to perform a detailed
analysis of each remaining site using the existing
consequence computer codes were prohibitive. Therefore, a
simplified evaluation method was needed that would provide
conservative yet reasonable estimates of the consequences
for individual sites without resorting to the expensive
computer codes.

The methodology used in the GEIS was based on a
relationship developed by taking the results (i.e., plant-specific
estimates of early and latent fatalities and total dose) of
existing risk calculations and regressing those values against
a composite site-specific variable called the Exposure Index
(El). The El is a function of the population surrounding the
plant and the frequencies of the wind directions at the site.

The premise of this methodology is that, for a specific
site, significant changes in risk are primarily a function of
changes in population. Thus, future risk can be estimated if
future population variation is known. The basis for this
premise will the discussed beiow.

A. Exposure Index Parameter

The El parameter is a function of the population
surrounding the plant weighted by the site-specific wind
direction frequency and thus is a site-specific parameter. The
El is defined by multiplying the wind direction frequency
(fraction of the time per year) for each of the 16 (22.5*)
compass segments times the population in that sector for a
given distance from the plant and then summing all products.



This is shown in Eq. 1:
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i-1
(Eq-

where P, is the population in the f wind direction and within
a given distance of the site, and F, is the frequency that the
wind will blow in the /* direction.

Population defines the number of people within a given
distance from the plant It varies over time with population
growth and movement and with the distance from the plant
On the other hand, meteorological conditions, including wind
direction frequency, tend to remain constant over time.
Because airborne radionuclides are carried by the wind, wind
direction provides an indication of what proportion of the
population is at risk in a given direction. Thus, risk is
primarily a function of population and wind direction.
Secondary factors which could also affect risk results, such
as emergency planning, topography, and meteorological
conditions other than wind direction frequency (e.g., rainfall)
are considered to be a much smaller influence on risk than
population and wind direction frequency. Consequently, risk
is also a function of El. However, if wind direction is a
constant function, the risk to a population surrounding a given
plant increases only as that population increases and the El
for a future year can be used to predict the risk to a
population surrounding a given site in that future year.

Plant-specific El values for all plants were calculated for
populations at 10-, 50-, and 150-mile radii from each plant at
the middle year of the license renewal period (MYR)
conservatively rounded upward to the next year of available
population data, usually either 2030 or 2050. Population
projections were based on data obtained from the Bureau of
Economic Analysis. Wind direction frequencies for a given
site were obtained from wind rose data contained in the
safety analysis report for that site.

B. Regression Analysis

For the El to be useful in the prediction of future
consequences of postulated severe accidents, it had to
demonstrate a strong relationship to more rigorous
calculations of risk measures. Estimates for early fatalities,
latent fatalities, and total dose, originally generated by the
Calculation of Reactor Accident Consequences (CRAC) code2

and presented in the final environmental statements (FESs)
for 27 commercial nuclear plants and the Atomic Safety and

Licensing Board (ASLB) testimony for 1 additional site (for a
total of 28 'base plants'), were regressed against the
respective El values calculated for each of these plants. The
El populations used for this regression corresponded to the
population year used in the FES analyses.

Log-log straight-line regressions of the risk values from
each of these "base-plants" versus the El values for that
plant were calculated. Because recent research anc
literature have indicated a difference in source terms between
pressurized water reactors (PWRs) and boiling water reactors
(BWRs), separate El regressions were developed for each.
(Regression tests were performed for differences in
regression parameters among the three BWR containment
types: Mark I, II, and III; but no parameters of any
significance for any risk estimate were found.) For the latent
fatalities and total dose regressions, the risk values were
normalized to 1000 MW{t) to minimize the regression
variance resulting from differing plant sizes. Normalization
was not used for early fatalities because of the highly
nonlinear dose response function used in the FES
consequence calculations and the use of a threshold effect
(that is, there is a dose level below which no early fatalities
are predicted). However, early fatalities are highly influenced
by the amount of radioactive material released (which can be
correlated to plant size). To help ensure that early fatality
data from smaller plants did not distort the regression results
for larger plants, only early fatality data for plants from 3025
MW(t) to a maximum of 3833 MW(t) were used in the
regression for early fatalities (21 sites).

C. Regression Results

As described above, regressions were performed
separately for BWR and PWR plants. Several regressions
were performed using population projections at various
distances from the plant The R2 statistic (squared multiple
correlation coefficient) was used as an indicator of a strong
regression relationship. The R* parameter indicates how well
tha data and model agree; the value is 1 when the data fit
perfectly.

For early fatalities, the FES consequence analyses
found that most were expected to occur within a 50-mile
radius of the plant Therefore, it was assumed that early
fatalities would be most highly related to the 10- and 50-mile
El values. Consequently, regressions of early fatalities for
the 28 base plants for their 10- and 50-mile El values were
performed, first individually and then together in a multiple
regression. The F? values from these regressions were 0.55
for the 10-mile El values, 0.32 for the 50-mile El values, &nd



0.68 for the 10- and 50-mile multiple regression. However, in
the multiple regression case, the 10-mile values demonstrated
much higher significance than the 50-mile values. Therefore,
the individual 10-mile El versus early fatalities regression
curves were selected for predicting future early fatalities for
all plants.

For the normalized latent fatalities and normalized
total dose, it was assumed these risk parameters would be
related to the 150-mile El values. When computed, the &
values for both were 0.68.

The regression curves that resulted from this
process are shown in Figs. 1 through 6. In these figures the
regression line is shown by the solid line, the 95% upper
prediction bound is shown by the dashed line, and the data
points are the FES calculated values.

D. Uncertainty Analysis

Straight-line regressions of the risk values (early
and latent fatalities and total dose) versus El were developed
for the baseline plants. From these regressions, the average
and 95% upper prediction bound risk values were then
estimated for all currently licensed plants for their license
renewal period. This was done using the MYR population
data converted to El.

For the 95% upper prediction bound risk values, the
"standard" assumption that the regression errors have a
normal distribution was first used in the calculation of
prediction bounds. However, if this assumption proved not to
be correct, risk values predicted under this assumption may
be too high or low, possibly by a significant margin.
Therefore, with insufficient data available for determining the
validity of the normality assumption, alternate prediction
bounds were considered in the calculation that did not rely on
an assumption that the errors had a specified distribution3.
When the distribution-free 3P% upper prediction bound result
differed from the normal-assumption result, the higher
calculated value was reported in the GEIS.

E. Results

Using the 95% upper prediction bound results of the
regression analysis, the values for total early fatalities, latent
fatalities, and total dose were then predicted for all plants
based on their respective wind direction frequency and their
MYR populations rounded up to the nearest year for which
the projected population data are available (2010, 2030,
2050). The results are provided in Table 1. The 95% upper

prediction bounds are reported rather than the regression
average values in defining the estimated risk values. This
was done to provide a reasonable envelope of the secondary
factors that could also affect risk results. Because such
secondary effects are considered to be much less significant
than the effects of population and wind directions and
because these effects (on a plant- specific basis) were
accounted for in the FES analyses, any variation of these
effects among FES plants should be reasonably reflected in
the 95% upper prediction bounds calculated by the
regressions.

It should be noted that the latent fatality estimates in
the FESs were based on dose-response relationships from
BEIR-llr1. However, more recent information (BEIR Vs) has
been published and the predicted latent fatality estimates in
Figure 7 reflect this new information by increasing the results
of the regression by a factor of three.

Also, the predicted early fatality values reported in the
draft GEIS were the result of a regression of worst-case FES
estimates. For 5 FES plants, values were reported for both
supportive and minimal medical treatment The remaining
FES plants used supportive treatment in their evaluations.
Because the minimal treatment resulted in higher estimated
consequences, the values assuming minimal medical
treatment for these '5 plants were used in the regression for
conservatism. Thus, minimal and supportive based FES risk
values were mixed in the regression for early fatalities. After
issuance of the draft GEIS, this mixing of values with two
very different assumptions was deemed not appropriate. This
paper reflects regressions using FES early fatality estimates
based only on the assumption of supportive medical
treatment. This change will be reflected in the final GEIS.

II. VALIDATION OF METHODOLOGY

The basic assumption in the development of this
methodology is that, given the occurrence of t severe
accident release, the magnitude of the consequences of that
release are primarily driven by three factors; (1) the type of
plant (which affects the characteristics of the release), (2) the
population density surrounding the plant, and (3) wind
direction frequencies (which define the proportion of the
population at risk in a given wind direction). All other factors
are considered to be of a secondary nature and, in
comparison to these three primary factors, have much smaller
effects on die risk. Also, the FES analyses included these
secondary effects in their plant specific evaluations.
Consequently, their effects have been accounted for within
the methodology and in the reporting of upper prediction



bounding values. If this assumption of primary and
secondary parameters is correct, then calculation of
consequences by more rigorous methods (i.e., consequence
computer codes) should calculate risks that are equal to or
less than the (95% upper prediction bound) values calculated
by the El methodology 95% of the time. This should hold
true for any commercial light-water reactor in the United
States.

This assumption was tested by work done by Yambert8,
who performed detailed computer consequence evaluation for
74 hypothetical plant sites. These hypothetical sites were
generated by taking population data from one of nine actual
reactor sites and coupling them with meteorological data from
one of eight monitoring stations located throughout the
continental United States. Using the most recent version of
the CRAC2 (CRAC has been replaced by the more current
version, CRAC2) code7, Yambert calculated fatality and dose
estimates and compared them to the consequence values
estimated using the Ei methodology (i.e., El values were
calculated for each of the hypothetical plants and the
corresponding risk estimate was read from the 95% upper
prediction bound from the FES regressions). All additional
site-specific input parameters, such as those used to describe
medical treatment and evacuation schemes, were chosen to
be as representative as possible of the values used in the
original FES analyses. The results showed that for most of
the 72 hypothetical sites, the computer calculated values for
early fatality, latent fatality, and total dose were very close to
the mean values predicted using the El methodology. In all
cases, the computer-calculated values fell below the 95%
upper prediction bound established by the El regressions.

IV. REFERENCES

III. CONCLUSIONS

It is the conclusion of this work that the El
methodology can provide estimates of certain risk factors
which are just as reasonable and conservative as those
calculated using the CRAC2 consequence codes. Thus, in
the absence of the availability of such codes, risk values can
still be estimated. Although not a substitute for such codes,
this calculation method is simple and can provide estimates
of early and latent fatalities and total dose with the user
required to know only the plant type (BWR or PWR), the
population density at 10- and 150-mile radii from the facility,
and the wind frequency data for that facility. Knowledge of
the source term, evacuation plans, rainfall, etc., are not
needed to use this method. Figures 8 through 10 present
the results of the regressions performed for this analysis.
They are presented in numerical form to permit extrapolation
by the user in the estimation of consequence values.
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Figure 1 Log plot of early fatalities (average deaths per reactor-year) for final environmental statement
pressurized-water reactor plants (data points), fitted regression line (solid line), and 95% normal-
distribution upper prediction confidence bounds (dotted line).
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Figure 2 Log plot of early fatalities (average deaths reactor-year) for final environmental statement boiling-
water reactor plants (data points), fitted regression line (solid iine), and 95% normal-distribution
upper prediction confidence bounds (dotted line).
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Figure 3 Log plot of normalized latent fatalities (average deaths per 1000-MW reactor-year) for final

environmental statement pressurized-water reactor plants (data points), fitted regression line {solid

line), and 95% distribution-free upper prediction confidence bounds (dotted line).
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Figure 4 Log plot of normalized latent fatalities (average deaths per 1000-MW reactor-year) for final

environmental statement boiling-water reactor plants (data points), fitted regression line (solid line),

and 95% distribution-free upper prediction confidence bounds (dotted line).
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Figure 5 Log plot of normalized total dose (person-rem per 1000-MW reactor-year) for final environmental

statement pressurized-water reactor plants (data points), fitted regression line (solid line), and 95%

distribution-free upper prediction confidence bounds (dotted line).
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Figure 6 Log plot of normalized total dose (person-rem per 1000-MW reactor-year) for final environmental

statement boiling-water reactor plants (data points), fitted regression line (solid line), and 95%

distribution-free upper prediction confidence bounds (dotted line).



Plant

Arkansas
Beaver Valley
Bellefonte
Big Rock Point
Braidwood
Browns Ferry
Brunswick
Byron
Callaway
Calvert Cliffs
Catawba
Clinton
Comanche Peak
Cooper
Crystal River
DC Cook
Davis Besse
Diablo Canyon
Dresden
Duane Arnold
Farley
Fermi 2
Fitzpatrick
Fort Calhoun
Ginna
Grand Gulf
Conn. Yankee
Hatch
Mope Creek
Indian Point
Kewanee
La Salle
Limerick
Maine Yankee
McGuire
Millstone 3
Monticello

Early
Fatalities

3.3 E-3
2.5 E-2
4.0 E-3
2.7 E-3
3.6 E-3
4.3 E-3
3.5 E-3
2.3 E-3
6.9 E-4
1.8 E-3
1.7 E-2
3.0 E-3
2.3 E-3
2.6 E-3
1.5 E-3
8.4 E-3
14 E-3
1.5 E-3
4.6 E-3
8.0 E-3
1.5 E-3
6.8 E-3
3.8 E-3
1.7 E-3
3.9 E-3
2.8 E-3
1.2 E-2
2.6 E-3
4.1 E-3
6.5 E-2
8.9 E-4
3.6 E-3
1.1 E-2
1.8 E-3
1.0 E-2
2.5 E-2
4.1 E-3

Latent
Fatalities

5.1 E-2
3.9 E-1
3.0 E-1
9.6 E-3
1.0 E-0
2.9 E-1
1.4 E-1
6.6 E-1
1.1 E-1
6.9 E-1
4.2 E-1
5.3 E-1
1.0 E-1
1.9 E-1
1.5 E-1
5.3 E-1
4.6 E-1
7.4 E-2
4.1 E-1
1.1 E-1
7.2 E-2
5.6 E-1
1.5 E-1
2.4 E-2
4.4 E-2
2.9 E-1
6.1 E-1
1.7 E-1
7.5 E-1
2.3 E-0
6.6 E-2
6.0 E-1
9.4 E-1
9.0 E-2
4.1 E-1
9.2 E-1
1.5 E-1

Total
Dose

238
1720
1335

48
4418
1446
704

2867
509

2995
1880
2549
466
955
700

2311
2021
346

1991
561
334

mi
728
111
203

1441
2618
855

3604
9727
303

2898
4461
414

1806
3988
730

I | Early
| Plant j Fatalities

Nine Mile Point 3.8 E-3
North Anna 9.4 E-4
Oconee 1.1 E-2
Oyster Creek 7.4 E-3
Palisades 4.2 E-3
Palo Verde 1.1 E-4
Peach Bottom 4.2 E-3
Perry 6.9 E-3
Pilgrim 3.7 E-3
Point Beach 2.5 E-C
Prairie Island 3.7 E-3
Quad Cities 4.5 E-3
Rancho Seco 1.1 E-3
River Bend 4.1 E-3
Robinson 3.1 E-3
Salem 2.9 E-3
San Onofre 1.1 E-2
Seabrook 1.1 E-2
Sequoyah 6.6 E-3
Sheron Harris 2.8 E-3
Shoreham 7.7 E-3
South Texas 3.3 E-4
SL Lucie 3.2 E-2
Summer 1.3 E-3
Surry 1.6 E-2
Susquehanna 6.0 E-3
TMI 2.8 E-2
Trojan 3.7 E-2
Turkey Point 6.0 E-2
Vermont Yankee 4.6 E-3
VogUe 1.6 E-4
Waterford 1.4 E-2
Watts Bar 1.8 E-3
WNP-2 2.3 E-3
Wolf Creek 4.7 E-4
Yankee Rowe 3.3 E-3
Zion 5.6 E-2

Latent
Fatalities

2.0 E-1
3.4 E-1
3.0 E-1
4.4 E-1
3.8 E-1
7.9 E-2
6.1 E-1
5.? E-1

E-1
•-,„ Crl

5.1 E-2
3.3 E-1
3.9 E-1
2.4 E-1
2.1 E-1
1.4 E-0
7.1 E-1
1.8 E-1
3.3 E-1
2.2 E-1
1.9 E-1
2.4 E-1
2.4 E-1
3.1 E-1
2.7 E-1
8.4 E-1
1.0 E-0
4.5 E-1
6.0 E-2
2.7 E-1
2.2 E-1
1.0 E-1
3.5 E-1
1.3 E-1
1.0 E-1
2.0 E-1
5.4 E-1

Total
Dose

996
1496
1311
2125
1691
369

2950
2544
873
309
237

1588
1723
1168
926

6059
3099
819

1474
1001
2724
1065
1063
1381
1200
4010
4381
1971
278

1314
983
477

1540
649
466
872

2379

Figure 7 Projected Consequences for All Commercial Nuclear Power Stations Using Population Estimates for
the Mid-Year of Extended License Period. All values are non-normalized. Early and latent fatality
units are per year. Total dose units are mrem.



Exposure Index
10 Miles

Log,0
1.8

1.9

2.0

2.1

2.2

2.3

2.4

2.5

2.6

2.7
2.8

2.9

3.0

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0

4.1

4.2

4.3

4.4

4.5

Boiling Water Reactors
Log,, ND-UPB1

Early Fatalities

0.002325

0.002309

0.002305

0.002313

0.002334

0.002369

0.002422

0.002493

0.002585

0.002703

' 0.002849

0.003030

0.003251

0.003521

0.003849

0.004248

0.004733

0.005324

0.006043

0.006922

0.007997

0.009315

0.010936

0.012935

0.015405

0.018467

0.022272

0.027012

Pressurized Water Reactors
Log10 ND-UPB(1)

Early Fatalities

0.000070

0.000088

0.000112

0.000142

0.000181

0.000231

0.000296

0.000380

0.000491

0.000636

0.000B28

0.001082

0.001420

0.001871

0.002475

0.003289

0.004388

0.005878

0.007907

0.010678

0.014478

0.019707

0.026924

0.036919

0.050803

0.070146

0.097171

0.135031

Figure 8 Log,0 of Exposure Index versus Log,, of Early Fatality Upper Predicted Bound Values for Boiling
Water Reactors and Pressurized Water Reactors

' ND-UPB = Normal Distribution - Upper Prediction Bounds



Exposure Index
150 Miles

Log,,

5.0

5.1

5.2
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5.4

5.5

5.6

5.7
5.8

5.9

6.0

6.1

6.2

6.3

6.4

6.5

6.6

Boiling Water Reactors
Log10 DF-UPB1

Latent Fatalities
Normalized Values3

0.011

0.013

0.014

0.017

0.019

0.022

0.026

0.030

0.035

0.041

0.048

0.056

0.066

0.077

0.091

0.108

0.129

Pressurized Water Reactors
Log,0 DF-UPB2

Latent Fatalities
Normalized Values3

0.001

0.002

0.003

0.004

0.006

0.008

0.011

0.016

0.024

0.034

0.048

0.068

0.097

0.141

0.206

0.303

0.450

Figure 9 Log,, of Exposure Index versus Log,, of Latent Fatality Upper Predicted Bound Values for Boiling
Water Reactors and Pressurized Water Reactors.

2 DF-UPB = Distribution Free - Upper Confidence Bounds
3 Values shown are normalized to 1000MW(l). To obtain non-normalized values, the value shown in the table
should be mulliplied by the MW(t) rating of the subject plant divided by 1000.



Exposure Index
150 Miles

Log10

5.0

5.1

5.2
| 5.3

5.4
5.5
5.6
5.7
5.8

5.9

6.0

6.1

6.2

6.3

6.4

6.5

6.6

Boiling Water Reactors
Log10 DF-UPB2

Total Dose
Normalized Values3

168.9

190.3

216.1

247.2

284.6

329.4

382.6

445.2

518.3

603.0

700.9

815.1

949.8

1110.7

1305.7

1544.99

1841.5

Pressurized Water Reactors
Log10 DF-UPB2

Total Dose
Normalized Values1

21.2

28.9

39.9

55.6

78.1

110.5

157.2

224.4

318.6

447.9

629.0

887.1

1258.5

1798.5

2593.9

3780.2

5565.0

Figure 10 Log,, of Exposure Index versus Log,, of Total Dose Upper Predicted Bound Values for Boiling Water
Reactors and Pressurized Water Reactors.

2 OF-UPB « Distribution Free - Upper Confidence Bounds
3 Values shown are normalized to 1000MW(t). To obtain non-normalized values, the value shown in the table

snould be multiplied by the MW(t) rating of the subject plant divided by 1000.


