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Recently, the U.S. Nuclear Regulatory Commission (NRC) undertook the first comprehensive safety
assessment (the study) of spent fuel pools at decommissioning nuclear power plants in the United
States. Previous NRC studies of spent fuel pools applied only to commercial nuclear operating
reactors. The NRC staff made site visits to four decommissioning sites, and determined that the
configurations at the decommissioning plants were very different from that assumed in operating
reactor spent fuel pool safety assessments previously performed. The safety assessment will help
determine the technical basis for rule making for emergency preparedness, security, and
indemnification for decommissioning reactors. The scenario investigated by the safety assessment is
one where the pool inventory is lost, spent fuel is uncovered, the fuel heats up, rapid oxidation of the
zirconium fuel cladding occurs, and a fuel clad zirconium fire commences, which results in significant
off-site doses to the public. The assessment investigated a wide range of internal and external
initiating events such as loss of pool cooling, seismic, fire, loss-of-offsite-power, heavy load drop,
tornado missile, aircraft impact, and loss of inventory events. The assessment developed conditional
recovery probabilities for extended recovery periods. Comparison to the U.S. NRC Safety Goals is
made.



Introduction

For a defueled reactor in decommissioning status, public risk is predominantly from potential
accidents involving spent fuel. Decommissioning plants in the United States have requested plant-
specific exemptions to certain U.S. Code of Federal Regulations as a result of their permanently
defueled condition. To improve regulatory consistency and predictability, the NRC used risk-informed
approaches to identify the design and operational features necessary to ensure that risks to the public
from these shutdown facilities are sufficiently small. To support this objective, the NRC undertook a
first-of-a-kind safety assessment of SFP risks at decommissioning plants. This assessment utilized
probabilistic risk assessment (PRA) methods and was developed from analytical studies in the areas
of thermal hydraulics, reactivity, systems analysis, human reliability analysis, seismic and structural
analysis, external hazards assessment, and offsite radiological consequences. The focus of the
safety assessment was to identify potential severe accident scenarios at decommissioning plants and
to estimate the likelihood and consequences of these scenarios. The NRC also examined the offsite
emergency preparedness (EP) for decommissioning plants using an analysis strategy consistent with
the principles of Regulatory Guide (RG) 1.174 [1].

Based on information gathered from site visits and interactions with stakeholders, the NRC modeled
the spent fuel pool cooling (SFPC) system as displayed in Figure 1. After development of a June
1999 draft analysis and the associated sensitivity cases, it became clear that many of the risk
sequences were quite sensitive to the performance of the SFP operating staff in identifying and
responding to off-normal conditions. In scenarios such as loss of cooling or inventory loss, the fuel
handler's responses to diagnose the failures and bring any available resources (onsite or offsite,
public or private) to bear is fundamental for ensuring that the fuel assemblies remain cooled and a
zirconium fire is prevented.

Upon considering the sensitivities identified in the NRC's preliminary study and to reflect actual
operating practices at decommissioning facilities, the nuclear industry made important commitments,
which are reflected in the NRC's safety assessment. Absent these commitments, the risk estimates
would have been substantially higher.

Decommissioning plant safety assessment for the U.S. Commercial Nuclear Power Plants

The events leading to significant offsite consequences at a decommissioning plant are different than
at an operating plant. Once fuel is permanently removed from the reactor vessel, the primary public
risk in a U.S. commercial nuclear power plant decommissioning facility is associated with the spent
fuel pool (SFP). The most severe accidents postulated for SFPs are associated with the loss of water
from the pool.

Depending on the time since reactor shutdown, fuel burnup, and fuel rack configuration, there may be
sufficient decay heat for the fuel clad to heat up, swell, and burst after a loss of pool water. Clad
breaches release radioactive gases present in the gap between the fuel and clad. If the fuel
continues to heat up, the zirconium clad will reach the point of rapid oxidation in air. The energy
released from this exothermic reaction, combined with the fuel's decay energy, can cause the reaction
to become self-sustaining and ignite the zirconium. The increase in heat from the oxidation reaction
can also raise the temperature in adjacent fuel assemblies and propagate the oxidation reaction. The
zirconium fire would result in a significant release of the spent fuel fission products, which would be
dispersed from the reactor site in the thermal plume from the zirconium fire.

The NRC investigated nine initiating event categories as part of the quantitative assessment on SFP
risk. The results for the initiators that were assessed quantitatively are shown in Table 1, which gives
the fuel uncovery frequency for each accident initiator. The results in Table 1 show the estimated
frequency of a zirconium fire of fuel that has a decay time of 1 year. In characterizing the risk of
seismically-induced SFP accidents for the population of sites, the NRC has displayed results based
on both the Electric Power Research Institute (EPRI) [2] and the Lawrence Livermore National
Laboratory (LLNL) [3] hazard estimates1, and has used an accident frequency corresponding to the

'Both the EPRI and LLNL seismic hazard estimates at reactor sites were developed as best
estimates and are considered valid by the NRC. There is no technical basis for excluding



mean value for the respective distributions, i.e., a frequency of 2x10"6 per year to reflect the use of
LLNL hazard estimates and a frequency of 2x10"7 per year to reflect use of the EPRI hazard
estimates. Use of the mean value facilitates comparisons with the NRC's Safety Goals [4] and
Quantitative Health Objectives (QHOs). Zirconium fire frequencies for all initiators range from about
6x10"7 per year to about 2X10"6 per year (depending on the seismic hazard estimates used), with the
dominant contribution being from a severe seismic event. Plant-specific frequency estimates in some
cases could be as much as an order of magnitude higher or lower because of the seismic hazard at
the plant site. The frequency of a zirconium fire is dominated by seismic events when the seismic
hazard frequency is based on the LLNL estimate. Cask drop and boil down sequences become
important contributors when seismic hazard frequency is based on the EPRI estimate. As a result,
even though the seismic event frequency based on the EPRI estimate is an order of magnitude lower
than the LLNL estimate, only a factor of four reduction in total frequency is realized with the use of the
EPRI estimate since the nonseismic sequences become more important.
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The calculated fuel uncovery frequency for loss of cooling events is 1.4x10" per year. For a fuel
uncovery to occur, the plant fuel handlers must fail to recover the cooling system (either fail to notice
the loss of cooling indications or fail to repair or restore the cooling system). In addition, the fuel
handlers must fail to provide makeup cooling using other onsite sources (e.g., fire pumps) or offsite
sources (e.g., a fire brigade). A long time is available for these recovery actions. In the case of 1-
year-old fuel (i.e., fuel that was in the reactor when it was shutdown 1 year ago), about 195 hours is
available for a PWR and 253 hours for a BWR before the water level drops to within 3 feet of the top
of the spent fuel. If the fuel most recently offloaded is only 2 months out of the reactor, the time
available is still long (100-150 hours), and the likelihood of fuel handler success is still very high.

The calculated fuel uncovery frequency for loss of inventory events is 3.0x10"9 per year. The
uncovery frequency is low primarily due to the assumption that loss of inventory can drain the pool
only so far because no drain paths are assumed to exist more than 5 meters below the pool surface
and because siphon protection is assumed to exist. Once that level is reached, additional inventory
loss must come from pool heatup and boiloff. Fuel uncovery occurs if plant fuel handlers fail to initiate
inventory makeup either by use of onsite sources or offsite sources similar to loss of cooling events.
The time available for fuel handler action is estimated to be about 40 hours. Fuel handlers are alerted
by a variety of alarms and indications.

Loss of offsite power from plant-centered events typically involves hardware failures, design
deficiencies, human errors (in maintenance and switching), or localized weather-induced faults
(e.g., lightning). Grid-related offsite power events are caused by problems in the offsite power grid.
With the loss of offsite power (onsite power is lost too, since the staff assumes no diesel generator is
available to pick up the necessary electrical loads), there is no effective way of removing heat from
the SFP. If power is not restored in time, the pool will heat up and boil off inventory until the fuel is
uncovered. The diesel-driven fire pump is available to provide inventory makeup. The calculated fuel
uncovery frequency for these sequences is 2.9x10"8 per year.

Loss of offsite power from severe weather events causes a loss of SFP cooling because of a loss of
offsite power due to hurricanes, snow and wind, ice, wind and salt, or wind. Because of the potential
for severe localized damage, tornadoes are analyzed separately. Until offsite power is recovered, the
electrical pumps are unavailable and the diesel-driven fire pump is the only pump available for
makeup. Recovery of offsite power after severe weather events is assumed to be less probable than
after grid-related and plant-centered events. In addition, it is more difficult for offsite help to reach the
site. The calculated fuel uncovery frequency for this event is 1.1x10"7 per year.

For internal fire events, the NRC assumed there is no automatic fire suppression system for the SFP
cooling area. The fuel handler may initially attempt to manually suppress the fire if he responds to the
alarms. If the fuel handler fails to respond or is unsuccessful in extinguishing the fire within the first
20 minutes, the NRC assumed that the SFP cooling system will be significantly damaged and cannot
be repaired. Once the inventory level drops below the SFP cooling system suction level, the fuel

consideration of either set of estimates. The mean frequencies shown in this paper do not
consider Western U.S. sites (e.g., Diablo Canyon, San Onofre, and WNP-2).
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handlers have about 85 hours to provide some sort of alternative makeup. The calculated fuel
uncovery frequency for this event is 2.3x10"8 per year.

The NRC investigated the frequency and consequences of a heavy load drop in or near the SFP. The
previous assessment done for resolution of Generic Issue 82 (NUREG/CR-4982 [5]) only considered
the possibility of a heavy load drop on the pool wall. The study identified other failure modes as also
credible for some sites. The NRC estimated the catastrophic failure rate from heavy load drops to
have a mean value of 2.1x10"5 per year for a non-single-failure-proof system relying on electrical
interlocks, fuel handling system reliability, and safe load path procedures. The NRC estimated the
catastrophic failure rate from heavy load drops to have a mean value of 2.0x10"7 per year for a single-
failure-proof system. The NRC assumed that licensees that chose the non-single-failure-proof system
option in NUREG-0612 [6] performed appropriate analyses and took mitigative actions to reduce the
expected frequency of catastrophic damage to the same range as for facilities with a single-failure-
proof system.

Earlier analyses in NUREG/CR-4982 and NUREG/CR-6451 [7] included a limited analysis of the offsite
consequences of a severe SFP accident occurring up to 90 days after the last discharge of spent fuel
into the SFP. The analysis showed that the consequences of an SFP accident could be comparable to
those for a severe reactor accident. In the study, the NRC performed a further analysis of the offsite
radiological consequences of beyond-design-basis SFP accidents. In addition the NRC assessed the
effect of offsite emergency planning (i.e., evacuation) at selected sites using various risk metrics and
the NRC's Safety Goals. The risks of SFP accidents meet these goals.

The NRC developed an "upper bound source term" referred to here as the high ruthenium source term.
The NRC also estimated consequences using the source term in NUREG-1465 [8] (which treats
ruthenium as a less volatile fission product), which is referred to as the low ruthenium source term.
The consequence calculations for both the high and low ruthenium source terms assume that all of the
fuel assemblies discharged in the final core off-load and the previous 10 refueling outages participate
in the SFP fire. These assemblies are equivalent to about 3.5 reactor cores.

The results for early fatality and societal dose (person-rem) consequences for an SFP accident are
graphed in Figures 2 and 3. Because latent cancer fatalities are directly proportional to societal dose
through a dose-to-cancer-risk conversion factor, results for latent cancer fatalities are not displayed
separately. Consequence estimates are also included on Figures 2 and 3 for the two U.S. commercial
operating reactors for which risk results for both internal and seismic events are available in
NUREG-1150, [9] and the supporting NUREG/CR^551 reports for Surry Unit 1 [10] and Peach
Bottom, Unit 2 [11]. The values shown are for the reactor accident source terms that produced the
greatest number of early fatalities (Figure 2) or the greatest societal dose and latent cancer fatalities
(Figure 3).

Risk Modeling for SFP Accidents

The quantitative assessment of risk involves combining the estimated frequencies of severe accident
sequences with their corresponding offsite consequences. Severe accident consequences were
assigned to each of the major types of events that lead to uncovery of the spent fuel, and then
combined with the respective event frequencies to provide a scoping estimate of SFP risks.

The SFP accidents discussed above can be broadly classified as either boil down or rapid drain down
sequences. Rapid drain down sequences are further divided into seismically- and non-seismically-
initiated events. In assigning consequences to each of these events, the NRC considered whether
protective measures to evacuate the population around the site could be effectively implemented
before fission product release. This included consideration of the effectiveness of offsite notification,
the delay between event initiation and fission product release (dependent on time after shutdown), the
time required to initiate and complete an evacuation, and the impact that a relaxation in current
emergency planning requirements might have on these factors. As a result of the assessment,
consequences were assigned based on either the early evacuation case or late evacuation case.

Boil Down Sequences
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Boil down sequences and their associated frequencies are as follows: loss of offsite power - severe
weather, loss of offsite power - plant-centered and grid-related events, internal fire, loss of pool
cooling, and loss of coolant inventory. These sequences involve heatup of the pool to boiling followed
by gradual reduction in pool level until the spent fuel is eventually uncovered. This process would take
over 100 hours at 60 days, and substantially longer at later times. The long delay provides sufficient
time for licensee staff to effectively intervene in the large majority of these events, and results in very
low frequencies of fuel uncovery. All boil down sequences that uncover spent fuel were assumed to
result in an SFP fire. Loss of inventory events are classified as boil down events since the time to
uncover the fuel will be in excess of 24 hours and will provide ample time for licensee to take corrective
measures.

The failure paths leading to a zirconium fire involve failure to acquire offsite resources to makeup pool
inventory, despite the large amount of time available for recovery in the boil down event. For
sequences involving loss of offsite power due to severe weather, the weather is assumed to drain
regional resources or limit access to the facility. The NRC reasoned that if it were difficult for offsite
resources to reach the facility or if regional resources are engaged in other efforts, then it would also
be unlikely that the population in the area would be effectively notified and/or evacuated under these
conditions. For other sequences the dominant reason that recovery is not provided in the failure paths
is a general breakdown in the overall facility organization. The failure to acquire offsite resources also
implies a failure to contact regional authorities and declare an emergency when the SFP level drops
below the proceduralized limit. Accordingly, the consequences for boil down sequences are based on
results for the late evacuation case. This same reasoning is applied for cases with and without EP
relaxations and for all times after shutdown. The net effect is that either having EP or allowing
relaxations in EP does not affect the risk associated with those boil down sequences that proceed to
spent fuel uncovery.
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Table 1 Spent Fuel Pool Cooling Safety Analysis — Frequency of Fuel Uncovery

(per year)

INITIATING EVENT
Seismic event '

Cask drop2

Loss of offsite power3 initiated by severe
weather
Loss of offsite power from plant centered
and grid-related events
Internal fire

Loss of pool cooling

Loss of coolant inventory

Aircraft impact

Tornado Missile

Total

Frequency of Fuel
Uncovery (EPRI
seismic hazard)

2x10u '

2.0x10Uf

1.1x10"u'

2.9x10UB

2.3x10UB

1.4x10UB

3.0x10UM

2.9x10UM

<1.0x10UM

5.8x10u'

Frequency of Fuel
Uncovery (LLNL
seismic hazard)

2x10"UB

same

same

same

same

same

same

same

same

2.4x10"06

'This value is the mean of the failure probabilities for Central and Eastern SFPs that satisfy a
seismic checklist developed jointly by the NRC and industry, and includes seismically induced
catastrophic failure of the pool (which dominates the results) and a small contribution from
seismically induced failure of pool support systems.

2For a single-failure-proof system without a load drop analysis. The NRC assumed that
facilities that chose the option in NUREG-0612 have a non-single-failure-proof system and
implemented their load drop analysis including taking mitigative actions to assure a high
confidence that the risk of catastrophic failure was less than or equivalent to that of a single-
failure-proof system.

3The estimate is based upon the time available for human response when the fuel has
decayed 1 year. After only a few months of decay, these estimates are not expected to
increase significantly. Furthermore, for longer periods of decay, no significant change in the
estimated frequency is expected because the fuel handler success rates are already so high
after 1 year of decay.
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Rapid Drain down Due to Seismic Events

Given the robust structural design of SFPs, it is expected that a seismic event with peak spectral
acceleration (PSA) several times larger than the safe shutdown earthquake (SSE) for a site would be
required to produce catastrophic failure of the structure. The estimated frequency of events of this
magnitude differs greatly among experts and is driven by modeling uncertainties. The estimated
frequency of seismic events sufficiently large to result in structural failure of the SFP is given in Table 1
and is based on the LLNL and EPRI seismic hazard estimates. For purposes of consequence
assessment, all seismically initiated sequences were assumed to result in a rapid drain down followed
by an SFP fire, regardless of the SFP failure mode and location, which are plant-specific. The SFP
risk estimates are strongly dependent on the assumptions about the effectiveness of emergency
evacuation in seismic events, since these events dominate the SFP fire frequency. In NUREG-1150
for high PSA earthquakes, it was reasoned that there would be no effective evacuation and that many
structures would be uninhabitable.

The seismic contribution to SFP fire frequency is driven by events with ground motion several times
larger than the SSE. For this reason the NRC assumed there would be no effective evacuation, since
such ground motion levels in the Central and Eastern United States would be expected to fail electrical
power and more than half of the bridges and buildings (including those housing communication
systems and emergency response equipment) would be unsafe even for temporary use within at least
10 miles of the plant. The consequences for seismic sequences are therefore based on results for the
late evacuation cases.

Rapid Drain down Due to Non-Seismic Events

Non-seismically-initiated events leading to rapid drain down are cask drop, aircraft impact, and tornado
missile. These events are dominated by cask drop accidents with the next highest contributor nearly
two orders of magnitude lower. For consequence assessments, all cask drop accidents leading to fuel
uncovery were assumed to result in a rapid drain down followed by an SFP fire. For the case in which
current EP requirements are retained, it was assumed that cask drop accidents occurring 1 or
more years following shutdown would afford sufficient time to implement protective measures before
fission products were released. This is consistent with the evacuation time estimates in the
NUREG-1150 study for Surry. Thus the consequences at less than 1 year following shutdown are
based on late evacuation, and the consequences at 1 year and beyond are based on early evacuation
when full EP requirements are retained.

If relaxations in EP requirements were allowed, they are expected to result in additional delays in
initiation and implementation of protective measures compared to the case in which current EP
requirements are retained. If offsite preplanning requirements were relaxed, as many as 10 to
15 hours may be required at some sites to initiate an evacuation. Based on either air-cooled or
adiabatic heatup rates for the reference spent fuel pool, the minimum time to fission product release
following a load drop that catastrophically damages the pool is about 8-9 hours for PWR pools and
about 15 hours for BWR pools 2 years following shutdown. These release times increase significantly
by 5 years following shutdown (i.e., greater than 24 hours even with adiabatic heatup rates). For the
case in which current EP requirements are relaxed, the consequences within the first 2 years following
shutdown are based on late evacuation, and the consequences at 5 years and after are based on the
early evacuation results.

The individual early fatality risk and the individual latent cancer fatality risk for an SFP accident are
about one to two orders of magnitude lower than the NRC's Safety Goal, depending on assumptions
about the SFP accident source term and seismic hazard.

Insights and conclusions

1. Implementation of staff decommissioning assumptions (SDAs) and industry decommissioning
commitments (IDCs) by utilities is important for assuring that risk from SFPs remains at a very
low level.
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2 The risk at decommissioning plants is low and well within the NRC's Safety Goals. The risk is

low because of the very low likelihood of a zirconium fire even though the consequences from
a zirconium fire could be serious.

3. The NRC found that the event sequences important to safety at decommissioning plants are
limited to large earthquakes and cask drop events. Relaxation of offsite EP a few months after
shutdown resulted in only a "small change" in risk, consistent with the guidance of RG 1.174.
The change in risk due to relaxation of offsite EP is small because the overall risk is low, and
because even under current EP requirements, EP was judged to have marginal effect on
evacuation effectiveness in the severe earthquakes that dominate SFP risk. All other
sequences including cask drops (for which emergency planning is expected to be more
effective) are too low in likelihood to have a significant effect on risk.

4. The study found that as long as a zirconium fire is possible, the long-term consequences of an
SFP fire may be significant.

5. Early fatality consequences for spent fuel pool accidents can be as large as for a severe
reactor accident even if the fuel has decayed several years.
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