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ABSTRACT
In 2013, the staff of the U.S. Nuclear Regulatory Commission esti-
mated the reduction of the off-site economic losses from a fire
in a drained U.S. spent fuel pool if fuel that had cooled for more
than five years were transferred to dry cask storage—an option
it called “expedited transfer.” In this article, it is shown that the
savings would be much higher than the NRC estimated. Savings
increase to about $2 trillion if: losses beyond50miles are included;
the land-contamination threshold for long-term population relo-
cation is changed to that used for the Chernobyl and Fukushima
accidents and recommended by the U.S. Environmental Protec-
tion Agency; and, based on the experience of Japan, decontam-
ination of land areas to levels acceptable for population return
is assumed to take at least four years. If expedited transfer were
implemented, the off-site economic losses would be reduced by
about 98%.

Introduction

The authors’ previous article, “Reducing theDanger fromFires in Spent Fuel Pools,”1

(hereafter RDSFP) analyzed the consequences from a spent fuel fire in a dense-
packed pool following a loss of water. It was found that the U.S. Nuclear Regula-
tory Commission (NRC) staff had greatly underestimated the radiological conse-
quences from such an accident. The staff ’s estimate had been made as a part of a
cost-benefit analysis of a proposal for “expedited transfer”: the transfer of spent fuel
to dry-cask storage after 5 years of pool cooling.2 The staff ’s underestimate was part
of a regulatory analysis that led the NRC to reject the proposal on two grounds: i)
The cost of expedited transfer would exceed its probability-weighted benefits; and
ii) It would not be a “safety-significant enhancement” since the probability-weighted
health risks from U.S. nuclear power plants to individuals living nearby are already
below the NRC’s Quantitative Health Objectives.

Since RDSFP was published, the NRC staff has revealed that the radioactive
contamination threshold used in its computer code for calculating where it would
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be necessary to relocate populations was increased by the assumption of a radia-
tion shielding factor of 0.18. As we will show, this assumption raised the reloca-
tion contamination threshold to three times the thresholds used in the Chernobyl
and Fukushima accidents and recommended by the U.S. Environmental Protection
Administration (EPA). An estimate is provided in this article of the effect of that
assumption on the NRC staff ’s calculation of the cost of a spent fuel fire.

An estimate is also provided of the effect on the cost of changing the NRC’s
assumption that decontamination would take a year, after which the relocated pop-
ulation could return to its homes and workplaces. The NRC has acknowledged that
it has been unable to find a basis for that assumption and that it is inconsistent with
experience in Fukushima Prefecture where the first returns of relocated populations
to the least contaminated parts of a much smaller interdicted area were permit-
ted only 5 years after the accident.3 As will be shown below, if the time of return
is delayed beyond four years, the economic loss from temporary relocation of the
population, calculated according to the NRC’s methodology, will exceed the cost of
abandoning the contaminated area, i.e., permanent relocation.

Radioactive releases to the atmosphere from a spent fuel pool fire

The NRC staff used the Surry Nuclear Power Plant in Virginia for its base-case cal-
culations because the population within 50 miles of Surry is close to the average for
U.S. reactor sites.4 The calculations of economic costs and population doses pre-
sented below are therefore for a spent fuel fire at the Surry site.

In calculating the benefits in reduced accident consequences of moving from
high-density to low-density storage in spent fuel pools, the NRC calculated the dif-
ference between the consequences of a fire in a dense-packed pool and for a release
from a fire in a pool after the removal of spent fuel that had cooled for more than
five years.

In a dense-packed pool, after the top of the spent fuel became uncovered, the
chemical reaction of the steam from the evaporating water and the hot zirconium
cladding of the spent fuel would generate hydrogen that, per the NRC staff esti-
mates, would drive the concentration in the air above the pool to explosive levels.
A hydrogen explosion would destroy the building and its effectiveness as a contain-
ment, as happened to three reactor buildings during the Fukushima accident due
to the explosion of hydrogen generated from uncovered reactor cores. In the case
of a spent fuel pool fire in the United States, about two thirds of the cesium-137
inventory in the pool, an average of 1,600 PBq (43 MegaCuries) by the NRC staff ’s
estimate, would be released into the atmosphere—about one hundred times more
than was released from the Fukushima reactor containments.

After transfer of the older spent fuel to dry cask storage, the average pool would
contain one third as much cesium-137. The NRC staff estimate of the release of
cesium-137 from a fire in the lower-density pool, however, was only 23 PBq, i.e., a
reduction by more than 98%. The explanation for this huge effect is the staff finding
that the hydrogen generation in a drained low-density pool would be insufficient to
drive the concentration above the pool to explosive levels. If the building above the
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pool remained intact, the staff estimated that only 3% of the cesium-137 inventory
in the pool would leak into the atmosphere vs two thirds if a hydrogen explosion
destroyed the covering building.5

Impact of the NRC’s shielding factor on relocation thresholds

To first order, the economic losses from a spent fuel fire would be proportional to the
size of the population displaced by radioactive contamination (see below). The size
of the displaced population depends on which areas are deemed uninhabitable—
either temporarily until decontaminated or indefinitely if decontamination to
inhabitable levels is not feasible or would be so costly or take so long that com-
pensation for the full value of the contaminated property would be less than paying
for cleanup and years of interim relocation.

In calculating the size of the area that would have to be interdicted after a spent
fuel fire, the NRC staff stated that it followed the EPA’s Protective Action Guides and
Planning Guidance for Radiological Incidents, which recommends relocating a pop-
ulation at risk of a greater than “2 rem (20 mSv) projected dose in the first year [or]
0.5 rem (5mSv)/year projected dose in the second and subsequent years.”6 In its cal-
culations, the NRC used a composite five-year relocation dose of 4 rem: the sum of
the EPA’s 2-rem first-year dose plus 0.5 rem per year for the subsequent four years.7

The EPA guidance states that its dose recommendations “conservatively do not
account for shielding provided by being indoors part of each day of the projection
year.”8 An inability to reproduce the NRC results, however, led to the suggestion in
RDSPF that perhaps the NRC had assumed a shielding factor. After publication of
RDSPF, it was learned that the NRC staff had used a shielding factor of 0.18.9 That
is, the average gamma dose received by the population in an area contaminated with
radioactivity had been taken to be 18% of the dose that would have been received
outdoors on a flat surface.

Thirty-year half-life cesium-137 dominates the long-term radiation dose. In the
absence of shielding, the NRC’s projected 5-year threshold dose of 4 rem for reloca-
tionwould translate into a cesium-137 contamination level of about 0.81MBq/m2.10

Including a shielding factor of 0.18 would increase theNRC’s contamination thresh-
old for relocation to 4.5 MBq/m2.

The contamination threshold for relocation after the Chernobyl accident was
about 1.5 MBq/m2 (40 Ci/km2).11 For Fukushima, a first-year unshielded dose of
about 2 rem (20 mSv) was used, which is the same as the EPA’s recommended limit
on the first-year relocation dose.12 In the absence of shielding, this limit corresponds
to a cesium-137 contamination threshold of 1.5 MBq/m2. The impact on the NRC
staff ’s accident cost calculation of changing the relocation threshold from 4.5 to 1.5
MBq/m2 is estimated below.

Estimates of contaminated areas

A constant-rate 36-hour release of cesium-137 was assumed13 and the HYSPLIT
model14 was used for calculating atmospheric dispersion and deposition over seven
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days for historical atmospheric conditions available from the U.S. National Cen-
ter for Atmospheric Research.15 Deposition was calculated on a 30°x30° grid cen-
tered on the Surry Nuclear Power Plant (i.e., about 1,700 km to the north and south
and 1,300 km to the east and west). The affected populations were calculated using
an estimated U.S. population density distribution for the year 2015 available from
the U.S. National Aerospace and Space Administration’s Socioeconomic Data and
Applications Center.16 Calculations were made for releases starting on the first day
of each month of 2015.17 The model was run for releases of 1,600 PBq and 23 PBq
to estimate the reductions in interdicted areas and relocated populations that would
result from expedited transfer.

Table 1 shows, as a function of the interdiction threshold, the differences in the
average areas interdicted andpopulations relocated for fires in high- and low-density
pools as well as the ratios of those average areas and populations. For a reloca-
tion threshold of either 1.5 or 4.5 MBq/m2, expedited transfer of spent fuel to dry-
cask storage reduces the size of the interdicted area and displaced population by 98
to 99%. The entries for differences in interdicted areas and displaced populations
shown in Table 1 therefore are also equal within 2% to the average interdicted areas
and displaced populations for a fire in a dense-packed pool.

Despite its use of a very different atmospheric dispersion model, the NRC staff ’s
estimate of the average reduction in the relocated population due to expedited trans-
fer, also shown in Table 1, is roughly consistent with the results shown for a reloca-
tion contamination threshold of about 4.5MBq/m2. Our calculations also show that
decreasing the interdiction threshold to the Fukushima-Chernobyl and EPA recom-
mended level of 1.5MBq/m2 increases the displaced population by an average factor
of about 2.7 because of the larger interdicted area.

Reduction in off-site costs and doses resulting from expedited transfer

The NRC staff estimated that the transfer of spent fuel cooled for more than five
years to dry cask storage would cost an average of about $50 million per pool due to
the earlier purchase of more dry-storage casks.19

Table . Differences in and ratios of average interdicted areas and relocated populations for cesium-
 releases from fires in high- and low-density pools (, and  PBq respectively) at the U.S. Surry
Nuclear Power Plant. The ranges of reductions for the  different runs are shown in parentheses.

Contamination thresholds
(MBq/m) NRC . . .  .

Reduction of average interdicted
area in , km (and range)

 (–)  (.–)  (.-)  (–)  (–)  (–)

(Low release)/(high release) area
ratio

.% .% .% .% .%

Reduction in average relocated
population in millions (and
range)

. (.–.) . (.–) . (.–) . (.–)  (.–)  (.–)

(Low release)/(high release)
relocated population ratio

.% .% .% .% .%
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In the NRC’s cost-benefit analysis, this estimated extra cost for expedited transfer
was compared to the probability-weighted reduction in the consequences of a spent
fuel pool fire.20 The reduction in damages was multiplied by an estimated average
fire probability of 4.3 × 10−6 per pool-year and then by an estimated average dis-
counted 10.7 years of remaining licensed reactor operating life.21 This resulted in
an estimated discounted average probability of a spent fuel fire of about 5 × 10−5

per pool during the remaining licensed operating lives of U.S. nuclear power reac-
tors. The possibility that a terrorist act might cause a loss of water from a pool was
excluded from consideration.22

The NRC staff multiplied this estimated accident probability by its estimate of
$125 billion in reduced accident consequences to obtain an average probability-
weighted and discounted base-case benefit from expedited transfer of $7 million
($0.16–139 million) per pool. Although the estimated $50 million average cost for
expedited transfer was within the uncertainty range for the benefits of expedited
transfer, the staff focused on the central “base-case” value and concluded that expe-
dited storage was “not cost beneficial.”23

The staff did point out, however, that the NRC’s rules for cost-benefit calculations
had required it to:

1) Exclude accident consequences beyond 50 miles;
2) Not update a 1995 valuation of $2,000 for the benefit of an averted person-

rem dose; and
3) Discount accident costs relative to the costs of expedited transfer by 7% per

year during the period between the investment in expedited transfer and a
hypothetical accident.

The staff therefore provided sensitivity tests for the effects on the calculated ben-
efits of expedited transfer of:

1) Accounting for accident consequences out to 1,000 miles;
2) Assuming a value of $4,000 per avoided person-rem; and
3) Assuming a real discount rate of 2% per year.
The staff found that changes 1 and 2 combinedwould increase the estimated aver-

age reduction in damage due to expedited transfer from $125 to $700 billion. Of the
$700 billion saving, $435 billion would be due to a reduced population dose of about
110 million rem and $265 billion due to reduced property losses from radioactive
contamination.24

The combined effect of changes 1, 2 and 3 would raise the base-case probability-
weighted discounted benefits of expedited transfer to $39 ($1.6–1124) million, with
the base case comparable with the estimated $50 million average cost for expedited
transfer.25

These issues were discussed in a National Academy report published in May
2016.26 As discussed above, since that report, two additional assumptions made in
the NRC’s cost-benefit analysis have come to light:

1. Populated areas would be decontaminated within a year; and
2. Population doses would be reduced by a shielding factor of 0.18.
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Below,we estimate the impact on theNRCcost estimates of changing the contam-
ination threshold for relocation and the duration of relocation.We then estimate the
impact of the changed relocation threshold on the total population radiation dose
and finally calculate the overall impact of these changes on the NRC’s estimate of
the benefits of expedited transfer.

Losses due to relocation

As noted above, when the NRC staff lifted the 50-mile limit on its consequence cal-
culations, it calculated relocation costs of $265 billion in 2012 dollars. The average
cost per individual displaced was calculated as $76,000.27

Above, it was estimated that the relocated population would increase by a factor
of 2.7 if the contamination threshold were reduced from the NRC staff ’s 4.5 to 1.5
MBq/m2, the threshold used for Chernobyl and, in effect, for Fukushima, and rec-
ommended by the EPA for the first-year projected dose.Multiplying the NRC’s $265
billion relocation cost by this factor would increase it to about $700 billion.

The second calculation that must be made is of howmuch the $76,000 per capita
loss would be increased if the assumed relocation time were increased from one to
several years, as occurred in Japan.

The NRC staff estimate of the per capita cost of population relocation is a sum of
four terms: 1) the cost of the relocation itself, 2) the cost of decontamination, 3) loss
of value of the property while it is abandoned, and 4) the loss of use of the property
during the relocation period.

Cost of relocation

The computer output from the MACCS2 calculations used by the NRC staff for its
regulatory analysis shows that the cost of relocation was assumed to be $12,000 per
capita. As has been noted, it also was assumed that virtually the entire population
could return home after one year. The $12,000 is therefore the assumed per capita
cost of one year’s relocation.28

Cost of decontamination

TheNRC staff set its target level for decontamination to a dose rate of 0.5 rem/year,29

which, for the assumed shielding factor of 0.18, would correspond during the sec-
ond year to a contamination level of 3MBq/m2. The staff assumed furthermore that
it would be possible to decontaminate down to this level by a factor of three, i.e.,
from contamination levels of up to 9 MBq/m2, for a cost of $7,110 per capita and
that it would be possible to decontaminate by a factor of fifteen, i.e., from a con-
tamination levels of up to 45 MBq/m2, for a per capita cost of $19,000.30 Based on
the experience in Japan, the higher decontamination factor is completely unrealis-
tic. The largest dose-rate reductions achieved outdoors in the residential areas of
Fukushima Prefecture have been by a factor of three.31 The area contaminated to
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the higher level would be relatively small, however. It is therefore neglected here
and a decontamination cost of $7,110 per capita is assumed for the population in
the entire relocation zone.

Loss of property value and use

The NRC based its estimate of the per capita loss from the relocated population
losing access to its property on the per capita value of U.S. farm and non-farm prop-
erty.32 Since the total value of farm assets was only 4% of non-farm assets in 1997,33

they are neglected in the discussion below. The total value of U.S. reproducible
assets (i.e., not including the value of unimproved land) was estimated at $48.5 tril-
lion in 2009 or $158,000 per capita.34 Using the consumer price index for inflation
between 2009 and 2012 gives a per capita property value in 2012, not including land,
of $168,000.35 This is close to the value of $172,000 per capita obtained using the
NRC’s methodology.36 In addition, in 2000, the value of unimproved land in the
United States was estimated at 17% of U.S. reproducible assets.37 That same ratio is
assumed below for 2012. Including land increases the average per capita property
value to about $200,000.

The NRC staff adjusted the average per capita value of property in each county
by multiplying the average national per capita value by the ratio of the county per
capita income to the national average.38 For the purposes of a rough calculation, we
approximate that every county has the national average per capita property value.39

The staff assumed a loss of value (“depreciation”) of non-land property during the
relocation period of 20% per year. In addition, it valued the loss of use of property,
including land, at 12% of its total value per year.40 Calculation of the depreciation
over t years is then done by multiplying the $172,000 per capita value of non-land
assets by [1-exp(−0.2∗t)]. On this basis, the loss due to depreciation for one year
would be $31,000.Multiplying the total per capita property value of $200,000 by 12%
per year yields a value for loss of use of $24,000 per year. The total per capita cost
of relocation for one year is therefore $12,000 for the relocation itself, plus $7,110
for decontamination, plus $31,000 for depreciation, plus $24,000 for loss of use for
a total of $74,110, which is close to the $76,000 result reported by the NRC.

If the calculation were done for a 3 to 4-year relocation, the per capita relocation
cost calculated as above would become $36,000 to 48,000; the depreciation loss
would become $78,000 to $95,000; and the value of loss of use would become
$72,000 to 96,000. Including the approximately $7,000 decontamination cost, this
adds up to a total of about $193,000–246,000. Early in the fourth year, therefore, the
total cost would exceed the entire value of the assets left behind. In that case, the
NRC staff would cap the per capita loss at the total value $200,000 of the interdicted
property or 2.6 times its estimated one-year relocation cost of $76,000. Given the
pace of decontamination in Japan and the fact that the NRC staff has been unable
to provide any basis for its one-year decontamination assumption,41 this seems a
more plausible estimate. Indeed, it is probably a minimum estimate since, as in
Japan, it might be decided that it is unacceptable to abandon such a large area and
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decontamination efforts could be continued for years longer than dictated by pure
economic logic.

Multiplying the $700 billion loss from a one year relocation by 2.6 would increase
it to about $1.9 trillion.

As a sensitivity test, we consider what the effect would be on this cost estimate if
decontamination by a factor of three of themost heavily contaminated areas could be
achievedmuchmore rapidly than in Japan, i.e., within one or two years. In that case,
the population from the areas originally contaminated to levels up to 4.5 MBq/m2

and decontaminated to 1.5 MBq/m2 could move back to their homes and places of
work after that period. Referring to Table 1, it can be seen that, on average, out of the
8.1 million relocated people from >1.5 MBq/m2 areas, 3 million, i.e., 37% are from
> 4.5MBq/m2 areas. For this part of the population, we assume full loss of the value
of their property, i.e., 2.6 times theNRC estimate as calculated above. The remaining
5.1 million people, or 63%, could return to areas that have been decontaminated to
safe levels. If they moved back in one year, then their per capita loss would be the
same as calculated by the NRC. If they moved back after two years, their per capita
loss would be 1.67 times that for the NRC’s assumed one-year relocation period.
The population-weighted multiplier for the NRC estimate would therefore be 1.59–
2.01 and the corresponding economic loss would be reduced from $1.9 to $1.1–$1.4
trillion.

Reduction in radiation-caused cancers

The NRC staff added to its estimate of the reductions in economic losses from expe-
dited transfer an estimate of the benefit from a reduction in radiation-caused can-
cers. According to repeated reviews by the National Academy of Sciences, for low
doses and dose rates of ionizing radiation, such as from land contamination by
Cesium-137, the evidence best supports the “linear hypothesis” that the number of
cancers would be linearly proportional to population dose, i.e., the sumof individual
radiation doses.42 The population dose is a sum of three components: 1) the dose
to the relocated population after its reoccupation of the decontaminated area; 2) the
radiation dose to the population outside the relocation area, whose boundary the
NRC staff assumed to be the 4.5 MBq/m2 and we assume to be the 1.5 MBq/m2

contamination contour; and 3) The dose to the relocated population during the
relocation period. The cancer dose calculated is the 50-year dose. In the absence of
shielding, for a contamination level of 1 MBq/m2, the 50-year radiation dose would
be 13.1 rem. This dose would be reduced indoors, however, which is most of the
time for most people. Although the NRC staff used an average shielding factor of
0.18 in its cost-benefit analysis, elsewhere it recommends a “best practice” value of
0.33.43

To reproduce the NRC’s population dose estimate of a 110 million rem dose, it is
assumed that after decontamination the contamination level within the 4.5MBq/m2

contour is uniform. Then the 50-year dose for the average of 3million people within
this contour for the NRC’s 0.18 shielding factor would be 32 million person-rem.
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Outside this contour, an average population dose of 61 million person-rem is cal-
culated using HYSPLIT for a total of 93 million person-rem. Given the difference
in dispersion models, this is as close to the NRC’s result as could reasonably be
expected.

For permanent evacuation from inside the 1.5 MBq/m2 contamination contour,
it is assumed conservatively that the relocated population gets a zero dose and the
NRC “best practice” shielding factor of 0.33 is used to calculate the dose to the pop-
ulation outside the 1.5 MBq/m2 contour. This yields a population dose of about 50
million person-rem. Using the NRC-staff-recommended updated value for averted
cancers of $5,100 per rem,44 the monetized benefit of reduced cancers due to expe-
dited transfer becomes about $270 billion. Because a much larger population is
assumed to be permanently relocated (8.1 vs. 3 million) this is less than the $435
billion calculated by the NRC assuming a cost of $4,000/rem and a shielding factor
of 0.18 (see above).

Total benefits

Adding the $270 billion benefit of reduced population dose to the $1.9 trillion reduc-
tion in economic loss, the estimated total benefit due to expedited transfer if a spent
fuel pool fire should occur is about $2.2 trillion in 2012 dollars if decontamination
takes at least 4 years and the losses for the population within the 1.5 MBq/m2 con-
tour equal the full value of their property values. If the area between the 1.5 and 4.5
MBq/m2 contours could be decontaminated and reoccupied in one or two years,
this benefit would be reduced to $1.4 or $1.7 trillion respectively.

These numbers are 11 to 18 times higher than the $125 billion used by the NRC
in its cost-benefit analysis. Multiplying by an average discounted probability for a
spent fuel pool fire of 5× 10−5 per pool during the next 20 years (see above) gives an
average probability-weighted discounted benefit of $70 to $110million. This ismore
than the NRC staff ’s mid-value estimate of $50 million per pool for the average cost
for expedited transfer. Accounting for avoided psychological and other indirect costs
outside the relocation zone would further increase the benefits.45 As with the NRC
calculations, however, there is a large uncertainty range of the probability-weighted
benefits because of the large uncertainty range in the estimated probability of a spent
fuel pool fire, including the possibility of a successful terrorist attack.

A real-life indicator of the magnitude of the NRC’s underestimates of the con-
sequences of nuclear accidents can be obtained from its estimate of the economic
impact of a Fukushima-scale radioactive release in the United States. This was
as a part of another post-Fukushima policy-option study in which the NRC staff
examined the costs and benefits of installing filters on the vents of U.S. boiling
water reactors with small-volume containments.46 If the gas pressure inside a
containment must be relieved during an accident—as was required at Fukushima—
the filter system would cleanse radioactive particles and soluble gases, including
the cesium-137, from the gas as it was being released. In the NRC’s cost-benefit
analysis of the filtered vent option, the base-case unfiltered release was estimated
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at 1.3% of the cesium-137 core inventory of one of the Peach Bottom reactors or
about 5 PBq47—comparable to the combined 6-20 PBq release from the three core
melt-downs at Fukushima.48 The NRC staff estimated the off-site economic loss
due to the release would be $1.9 billion.49 The December 2016 official estimate of
costs for off-site decontamination and compensation for the Fukushima accident
was 60 times larger, ¥13.5 trillion (∼$117 billion).50

Conclusion

If expedited transfer were implemented at U.S. spent fuel pools, the average esti-
mated economic losses from a spent fuel fire could be reduced by 98% or by $2.2
trillion. That result has been obtained using the NRC’s methodology for calculat-
ing the damages, starting with the staff ’s estimate of the consequences if the NRC’s
50-mile limit were removed. Two factors in that staff calculation were corrected:
1) the population relocation criterion was adjusted to the contamination threshold
used for interdiction following the Chernobyl and Fukushima accidents and recom-
mended by the EPA, and 2) the population relocation duration was adjusted to four
years, which is still less than after Fukushima. The estimated benefit from reduc-
tion in radiation-caused cancers was smaller than the NRC staff estimate because of
the larger population relocated as a result of the lower contamination interdiction
threshold.

In the event of an actual spent fuel pool fire, the economic costs could be larger
or smaller than this average depending upon weather conditions at the time of the
event. For an interdiction threshold of 1.5 MBq/m2 and the 12 historical weather
weeks considered for Surry, the estimated size of the population relocated because
of a fire in a high-density pool and therefore the economic losses ranged from 7
times less to 5 times greater than the average. Based on the $1.9 trillion average value
calculated above, this corresponds to a range, due only to the weather conditions, of
$0.3 to $10 trillion. This range would expand if calculations were done for different
sites with different surrounding populations. One indicator of the sensitivity to site
is the fact that the average relocated population for Peach Bottom, the NRC’s 90-
percentile site in terms of population within 50 miles, is about twice that for Surry,
the average case.51

Two trillion dollars is 16 times larger than the $125 billion estimate of the
reduction in damages within 50 miles used by the NRC in its cost-benefit anal-
ysis of expedited transfer. This correction provides a compelling justification for
reconsideration of the NRC’s rejection of expedited transfer.
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